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Hybrid manufacturing is a combination of additive (deposition) and subtractive 
(machining) manufacturing in a single machine tool. Such a system can be used for near 
net shape manufacturing and component repair using either similar or dissimilar materials. 
This dissertation investigates methodologies for laser wire-fed hybrid manufacturing 
processing for commercially available systems and demonstrates how process parameters 
can be optimized resulting in a deposition rate of 2.5 kg/hr of steel. Integrated into a single 
system, transition between additive and subtractive manufacturing can occur immediately 
and be leveraged to generate large components by alternating between the processes. This 
dissertation investigates how this capability can reduce overall cycle time by up to 68%, 
improve average elongation to failure by 22%, and reduce average porosity by 16%. With 
hybrid manufacturing systems, it is now feasible to control the interfacial conditions 
between the substrate and deposition. Other deposition processes require substrates to be 
planar, but hybrid manufacturing’s subtractive capability allows for unlimited surface 
structures and conditions. This dissertation further investigates multiple surface structures 
for similar and dissimilar materials but concludes that these structures do not result in any 
improvement of mechanical properties. As a result, these investigations has not only set 
the foundation for laser wire-fed hybrid manufacturing process development, but has 





Hybrid manufacturing systems provide a platform for integrated additive and 
subtractive methods on a single machine setup. These systems can be used to refurbish or 
create new components with up to a 50% reduction in manufacturing costs [1, 2]. With 
commercially available hybrid manufacturing systems capable of 5-axis deposition and 
subtraction, it is now feasible to control the interfacial conditions between substrate and 
deposition. Unlike other deposition processes where substrates are required to be planar, 
hybrid manufacturing’s subtractive capability enables unlimited surface structures and 
conditions. The goal of this research is to evaluate the use of various material and structure 
combinations to enhance the mechanical properties associated with hybrid manufactured 
components. 
1.1 Introduction 
The concept of hybrid manufacturing has existed for over two decades, yet its 
momentum in the commercial sector has taken off in only the last five years. Known 
applications of hybrid manufacturing include near net shape deposition, component repair, 
surface coatings, etching, cutting, localized heat treating, and embedded components [3]. 
This chapter introduces the concept of hybrid manufacturing and provides the current status 
of the technology.  
1.2 Overview of Hybrid Manufacturing 
Hybrid manufacturing systems provide a platform for integrated additive, 
subtractive, and inspection manufacturing methods. The traditional advantages of additive 
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manufacturing are efficient material utilization, geometric complexity and tool-less, low 
volume production. The main limitations are low precision surface finish and slow 
production rate. Increased production rate is possible but at the expense of surface finish. 
Conversely, conventional machining provides high precision, good surface finish and high 
productivity. The major disadvantages are material waste and geometric constraints. 
Hybrid manufacturing explores the development of new machine tools that integrate the 
best of both manufacturing technologies into a single system.  
The additive process for the hybrid manufacturing systems studied in this dissertation 
is a laser-wire based directed energy deposition (DED) process. DED is an additive 
manufacturing process in which focused thermal energy is used to fuse materials by 
melting them as they are being deposited [4]. In a typical setup, the feedstock, either wire 
or powder, is fed into a melt pool generated on the surface of the component by a laser 
energy source. This melt pool adheres to underlying surfaces or layers, analogous to a form 
of automated build-up welding. Figure 1 depicts this process for a metal wire feedstock. 
This laser cladding process is combined with computer numerical control (CNC) 
machining inside of a commercially available machining center. These combined systems 
seek to reduce potential setup, fixturing, and transfer errors associated with disjointed 




Figure 1: Wire-Feed Directed Energy Deposition Process 
Deposition rates vary depending on the type of feedstock used. Material deposition 
efficiency for blown powder systems is reported to be 60%-80% but can be less than 50% 
for complex geometries [6-8]. Assuming 50% efficiency, blown powder systems such as 
the Mazak VC-500 AM are capable of depositing 0.25 kg/hr of Inconel 718 [9]. Such 
deposition rates make the feasibility of the complete buildup of a large component 
unreasonable for this feedstock. However, wire-fed systems such as the Mazak VC-
500A/5X AM HWD can deposit 2.22 kg/hr with a material utilization rate of 98%, resulting 
in an economically viable solution for complete component buildup [10]. 
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Many hybrid manufacturing systems are equipped with two rotary axes for 5-axis 
motion. Unlike traditional 3-axis polymer extrusion printers, a 5-axis system permits the 
workplane to be strategically oriented mitigating the need for support structures [11]. For 
example, as shown in Figure 2, the hybrid manufacturing workplane can be rotated such 
that the secondary deposition of the right-angled component can be completed without the 
need for support structure.  
 
Figure 2: Mitigation of Support Structure 
 With a system capable of both additive and subtractive manufacturing, it is now 
possible to build large components in incremental steps. Components that require long and 
expensive subtractive tooling for reach and access problems can now be manufactured in 
multiple steps. Instead of printing an entire component before machining, it is now possible 
to print and machine small increments while the geometry can be easily accessed with 
standard subtractive tooling.  
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1.3 Technology Deficiencies 
Before hybrid manufacturing can become a main-stream, push-button process, that 
is easily implementable for industry adoption, there are some technological deficiencies 
that need to be addressed [6, 12]. Similar to hybrid manufacturing systems, computer aided 
manufacturing (CAM) software for hybrid manufacturing is equally new to industry and 
has its own set of deficiencies. CAM software must be able to leverage the full capability 
of hybrid manufacturing if industry is to adopt hybrid manufacturing. The ensuing sections 
discuss a few of the technology deficiencies associated with hybrid manufacturing and the 
accompany CAM software that are addressed in this research. 
 Wire-Fed Hybrid Manufacturing Systems 
Unlike powder-fed systems, wire-fed hybrid manufacturing systems have 
efficiencies near 98% [6, 10]. These systems are capable of depositing both reactive and 
un-reactive metals, but are currently unable to create functionally graded materials. The 
wire deposition process inherently has fewer process control parameters than the powder-
fed process and is much more amenable to improved process control. Unfortunately, the 
deposition start/stop procedure for a wire-fed system is more awkward and prone to process 
variation issues than powder-fed systems. As seen in Figure 3, excess material deposited 
at both ends of the deposited bead results in non-uniform depositions. Furthermore, the 
front face is non-uniform and has many bulges. Although these defects can be mitigated 
by means of subtractive manufacturing, the addition of the subtractive manufacturing to 




Figure 3: Un-Optimized Wire-Deposited Wall 
Additionally, controlling the heat during the additive process is crucial for proper 
build-up, or gradual accumulation of material during the deposition process. The process 
temperature for laser welding of stainless steels is above the material’s melting point of 
1500°C, which poses challenges in regard to dimensional accuracy of the component, and 
to the health of the machine [13]. Furthermore, material properties and residual stresses are 
driven by cooling rates and temperature gradients, respectively [14]. Thus, poor thermal 
control can lead to poor mechanical properties.  
As previously discussed, the idea of a hybrid process that transitions multiple times 
between the additive and subtractive processes is an attractive advantage of hybrid 
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manufacturing. However, the effect of alternating additive and machining operations has 
yet to be explored. 
 Computer Aided Manufacturing Software 
Analogous to commercial hybrid manufacturing systems, CAM software for hybrid 
manufacturing has been on the market since 2016. Major contributors include OPEN 
MIND Technologies (hyperMILL), Autodesk (PowerMill), DP Technology (ESPRIT), and 
Siemens (NX). Each software package has its own specific advantages and disadvantages, 
but one major limitation that all packages have is their ability to seamlessly transition 
between the additive and subtractive processes.  
Although hybrid manufacturing is a small sector for CAM software packages, there 
have been tremendous efforts made to improve them over the last few years. Most of these 
improvements work towards seamless transitions between additive and subtractive path 
planning as well as making hybrid manufacturing interfaces more user friendly. In the 
opinion of the researcher, based on extensive use, currently no software package for hybrid 
manufacturing is superior to the rest. 
1.4 Conclusion 
Research must be done on designing for hybrid manufacturing before it is adopted 
by industry. Understanding and leveraging the ability and flexibility of hybrid 
manufacturing is key for its adoption and successful implementation. Thus, the research 
presented in this work evaluates the effect of different structures being applied to the 
interface of similar and dissimilar materials. The research will result in the understanding 
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of, and the ability to, enhance the mechanical properties of hybrid manufactured 
components. The ensuing chapter outlines this research project and discusses relevant 
literature.  
 9 
 PROJECT DESCRIPTION 
 This chapter outlines the research project on hybrid structures. This project is 
fundamentally different because it utilizes the subtractive ability of hybrid manufacturing 
to create varying interfacial geometry. Like carpentry, joints such as a dovetail or tongue 
and groove can be created at the interface of the added material to enhance material 
properties. It is hypothesized that these joints can be made stronger by adding these 
structures when compared to planar interfaces. This research project will result in the 
standardization of the hybrid manufacturing process development as well as an 
understanding of the mechanical properties of various interfacial joints created by hybrid 
manufacturing. 
2.1 Introduction 
This project is split into three phases. The first phase is the characterization of 
process parameters. This phase focuses on developing optimized process parameters for 
hybrid manufacturing. The second phase explores the effect that different hybrid 
processing variations have on the mechanical properties of produced components. Phase 
three investigates the concept of hybrid structures. During this phase, tensile test samples 
are generated with varying material and interfacial geometry. Each test case is evaluated 
for porosity and hardness, then destructively tested. This dissertation results in an 
understanding of the effect that the hybrid process and hybrid structures have on the 
mechanical properties of a manufactured component. This understanding supports hybrid 
manufacturing’s advancement towards industry adoption.  
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2.2 Phase I – Characterize Process Parameters 
The VC-500AM HWD system used in this research project is the first wire-fed 
hybrid manufacturing system produced by Mazak. Thus, an important part of this project 
is developing an understanding of the hybrid manufacturing process. The first phase of this 
project is to develop a working knowledge of the additive process. Table 1 shows the 
process parameters that are relevant to the wire-fed additive process. It has been identified 
from early experimentation that some of these parameters, such as the hot wire power, can 
be coarsely changed without much effect on the process. Other parameters, such as the 
focal distance and wire feed rate, need to be finely tuned to the process. Since there are 
nine variables to the process, previous research on DED that outlines process parameter 
development will be leveraged [15-21]. 
Table 1: Additive Process Parameters 
Parameter Description Range 
[22] 
Units 
Surface Feed Traverse speed 0-8000 mm/min 
Standoff Distance Distance between substrate and nozzle 0-N/A mm 
Laser Output Laser energy output 0-4000 W 
Nozzle Gas Flow Coaxial gas flow through laser to reduce 
lens contamination 
0-50 l/min 
Shielding Gas Flow Inert gas flow to reduce oxidation 0-50 l/min 
Wire Feed Speed Rate of wire extrusion 30-300 in/min 
Hot Wire Power Wire energy input by wire extruder 0-1000 W 
Stepover Distance between consecutively 
deposited beads 
0-N/A mm 
Layer Height Distance between consecutive layers 0-N/A mm 






2.3 Phase II – Hybrid Manufacturing Characterization 
The second phase explores the effect that different hybrid processing variations 
have on the mechanical properties of produced components. Hex walls will be 
manufactured using two distinct processes: the first being complete additive build-up 
before machining, while the second will demonstrate hybrid manufacturing’s ability to 
machine a component at different intervals during the additive process.  
 Hybrid manufacturing allows for additive and subtractive processes to be 
conducted without breaking machine setup. Thus, the transition between additive and 
subtractive processes can occur in seconds. Subsequently, the component temperature and 
use of lubrication (coolant) during the subtractive process can vary during the experiments. 
An outline capturing the varying processing scenarios for these experiments is shown in 
Table 2. An example this application would be the manufacturing of a 3 ft tall nosecone. 
If deposited entirely, it would require an expensive, custom made, 3 ft long boring bar to 
machine. If deposited in 2-inch increments, it can be machined with a low-cost, off the self, 
boring bar.  
Table 2: Phase 2 Experiments 
Experiment Machining Sequence Coolant Status 
Additive Hex Wall Machine after cooling N/A 
Additive Hex Wall Machine while hot No coolant 
Additive Hex Wall Machine while hot Coolant 
Hybrid Hex Wall Machine after cooling at intervals Coolant 
Hybrid Hex Wall Machine after cooling at intervals No Coolant 
Hybrid Hex Wall Machine while hot at intervals No Coolant 
Hybrid Hex Wall Machine while hot at intervals Coolant 
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2.4 Phase III - Hybrid Structures 
The third phase is the development and demonstration of the hybrid structures in a 
plane wall configuration. Starting with a substrate block, a hybrid structure will be applied 
at the interface where deposition will occur. Examples of these structures are shown in 
Table 3 and further discussed in Chapter 5. These structures were selected because they 
exemplify the full capability of hybrid manufacturing. This deposition may be between 
similar or dissimilar materials. A graphical representation of this process is shown in Figure 
4. 
 
Figure 4: Sample Creation Process 
Once deposition is complete, the tensile samples conforming to the ASTM E8/E8M-16a 
standard for tension testing of metallic materials [23] will be machined from the resulting 
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block for testing. It is noted that the importance of the mechanical testing results is not 
comparing them to those of wrought material, but to compare the structures to one another. 
Table 3: Phase III Experimental Roadmap 
Structure Deposited 
Material 






































316L Stainless Steel Gray Cast Iron 
2.5 Conclusion 
This project will develop and characterize hybrid manufactured structures of 
similar and dissimilar materials. Specifically, this project will look at how the subtractive 
capabilities of hybrid manufacturing can be leveraged to enhance the mechanical properties 
of the resulting component through the use of interlocking interfacial features. Traditional 
additive manufacturing is constrained by its inability to deposit material on non-planar 
geometry. Thus, the utilization of hybrid manufacturing’s capabilities will allow research 
to be conducted on different geometrical structures that form the surface of the substrate. 
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It will be seen that this project is fundamentally different from other previous work as this 
project embraces hybrid manufacturing’s ability to seamlessly alternate between 
subtracting and depositing material. 
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 HYBRID PROCESS DEVELOPMENT 
Although additive and subtractive manufacturing are not new concepts, the 
combination of the processes for hybrid manufacturing is a relatively new research area. 
Specific to laser-wire deposition, only one commercial system platform exists. This chapter 
focuses on the process development using the commercially available laser-wire hybrid 
manufacturing, the Mazak VC-500A/5X AM HWD.  
3.1 Introduction 
Although it is unclear specifically when hybrid manufacturing was first developed, 
some of the earliest works were documented and published in the mid to late 1990s by 
Klocke and Wirtz [24]. The most popular research approach to hybrid manufacturing has 
been to integrate a blown powder laser DED head into a vertical or horizontal machining 
center [11, 24-29]. This chapter presents a literature survey regarding process development 
for hybrid manufacturing and provide methodology and a discussion on the laser-wire 
process for hybrid manufacturing was developed.  
3.2 Literature Review 
A review of hybrid manufacturing was written by Lorenz and Jones that includes a brief 
history of hybrid manufacturing from inception to the first release of a commercially 
available hybrid manufacturing system [6]. Their development timeline is shown in Table 
4. This table the various research groups that have contributed to the field of hybrid 
manufacturing. The first known instance of hybrid manufacturing is unknown, but it is 
typically designated to the Laser Aided Manufacturing Process (LAMP) at the University 
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of Missouri. Furthermore, this table shows the machine tool type and processing head 
mounting position for the respective research system. All the outlined systems are blown 
powder directed energy deposition heads retrofitted to existing CNC platforms. This 




Table 4: Development of Hybrid Manufacturing [6] 
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Fixed to side 
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Fixed to side 
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De Montfort University 










Hamuel & Hybrid 
Manufacturing 
Technologies 
Retrofit  In spindle 





DMG Mori 5-axis 
vertical 
In spindle 











stored in tool 
magazine 
[36] 
In the years following DMG Mori and Mazak both releasing their hybrid 
manufacturing systems in 2013 and 2014, respectively, other large machine tool companies 
such as Okuma, Hermle, and Matsuura now offer hybrid manufacturing machine tools [37]. 
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Furthermore, there are companies such as Hybrid Manufacturing Technologies and 3D-
Hybrid that specialize in retrofitting any machining center for hybrid manufacturing [37]. 
It is reported by Nau [15] that the implementation of any technology to create a 
hybrid system is divided into the following four activities: (1) process and parameter 
development; (2) integration into a commercial manufacturing environment; (3) evaluation 
and testing; (4) production. Previously, developments of hybrid manufacturing processes 
were mostly based on intuitively or randomly found solutions, such as simply putting an 
additive system on a machine tool [15]. From reviewing the literature, it is clear that a 
specific methodology for hybrid manufacturing process development does not yet exist [6, 
15]. One reason for this gap in the literature can be attributed to many of these systems 
being retrofits or one-of-a-kind systems such as those developed at universities for research 
purposes [6]. This research uses a system that is commercially available, mitigating 
challenges associated with retrofitting a standard machine tool. Furthermore, unlike many 
additive manufacturing systems, machine tools have been developed for stiffness. Many 
additive systems are compliant and do not provide accurate motion. Thus, it makes sense 
to integrate additive manufacturing into a machine tool rather than integrating machining 
into an additive manufacturing system. This research can provide a standard for process 
development of these newly developed systems that will be common across the industry. 
 Hybrid Manufacturing Workflow 
With the release of commercially available 5-axis hybrid manufacturing systems, a 
methodology for hybrid manufacturing workflow needs to be developed. Two aspects of 
this research are to embrace the ability to use subtractive manufacturing and non-planar 
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deposition. Traditional additive manufacturing is done with 2-axis movements at a certain 
stepover to create overhangs. With hybrid manufacturing, it was proven by Ruan [38] that 
it is possible to achieve curved structures by generating non-uniform layer slices. This was 
done by first depositing a uniform layer, then modifying it to be non-uniform by subtractive 
manufacturing. The resulting structure is shown in Figure 5.  
 
Figure 5: Hybrid Manufactured Structure [38] 
Other researchers such as Paris [39] and Ma [40] evaluated how the decision 
making process of hybrid manufacturing can affect the overall part geometry. As shown in 
Figure 6, it is apparent that care must be taken when developing the deposition tool path. 
This figure shows that different programming strategies on an identical component have 
different outcomes. Although each strategy resulted in the proper overall shape, defects 
from the start/stop process can be seen. These defects and their effect on the component’s 
performance need to be taken into consideration when designing the toolpath strategy. With 
the existence of CAM packages capable of driving hybrid manufacturing systems, 




Figure 6: Different Laser Scanning Patterns [40] 
 Process Parameters for Additive Manufacturing 
Understanding the relationship between the process parameters and the material 
properties is crucial to make additive manufacturing competitive with traditional 
manufacturing processes [16]. There has been significant work done in the area of 
understanding and controlling process parameters for additive manufacturing and their 
influences on resulting geometry and material characteristics. Much of the work is specific 
to only the additive process and focuses on metal powder as the feedstock. A substantial 
amount of this previous work is applicable to the laser hot-wire process investigated in this 
dissertation; yet, there has been little work performed on the baseline or optimal process 
parameters of this process [17]. Most of this work is on single bead deposits such as a study 
on laser hot-wire cladding by Liu et al. [18]. 
One method to develop process parameters was done by Hansel et al. where they 
determined optimal process parameters by using the Taguchi Method. This method utilizes 
orthogonal arrays to conduct experiments to optimize a process [19]. Though it only 
required nine experiments to optimize the system, this study relied on “process know-how” 
and only evaluated three different processing conditions for four parameters.  
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To achieve better quality assurance and control in additive manufacturing 
processes, correlations between the process parameters and the output parameters must be 
investigated [20, 21]. Since there are many process parameters in an additive 
manufacturing processes, it is difficult to build correlations between the inputs and outputs 
[20]. Much of the literature in DED processes mainly focus on temperature monitoring as 
the process parameter of choice [41, 42].  
It has been shown that thermal gradients can also have detrimental effects on DED 
processes. Manufactured components with “dishing” or “humping” geometry is due to 
rapid hydrodynamic motions known as Marangoni Flow [43]. This is caused by thermal 
gradients and associated surface tension. One of the most fundamental surface quality 
phenomena researched is the “staircase effect,” which is a result of the layer-wise 
approximation of part geometry [3]. These phenomena discussed are shown in Figure 7. 
 
Figure 7: Effects of Thermal Gradients on DED Processes 
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With regards to the precision of the deposited geometry, the resolution is dictated 
by the melt-pool geometry, or geometrical shape of the liquid metal as it is being deposited 
[44-46]. This melt-pool geometry is affected by laser power, surface feed, material 
feedrate, stepover, layer thickness, and feedstock [3, 47-50]. As seen in powder bed fusion, 
the thermal history of the build can affect the melt-pool geometry since adjacent, 
previously heated material can be re-melted on adjacent toolpath tracks [42, 51-54]. This 
error compounds over the build and leads to a change in the standoff distance between the 
nozzle and substrate, which also has an effect on the melt-pool geometry [45].  
 Machining of Additive Components 
Additive manufacturing allows for the rapid manufacturing of complex geometries 
that cannot otherwise be manufactured. However, there is still a significant need for 
subsequent machining operations of these components [55-57]. Subsequent machining is 
necessary dur to a number of reasons including providing features and datum surfaces that 
cannot be accurately generated via the additive process and improving the surface finish of 
the produced component. Understanding the machining process of additively produced 
components is a new area that has little relevant research [58].  
A study on the machinability of 316L stainless steel by Guo et al. indicated that 
cutting forces are anisotropic when compared to the deposition orientation [59]. In this 
study, two orientations were evaluated: one variation where tensile samples were produced 
along the deposited layers (0°), and the other being across the deposited layers (90°). As 
shown in Figure 8, it can be seen that the cutting forces measured by a dynamometer were 
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significantly higher for the case where machining occurred along the layer, which is 
attributed to the increased hardness [59].  
 
Figure 8: Cutting Speed/ Force Relationship on Deposited Stainless Steels [59] 
Similar results were seen by Montevecchi et al. when evaluating cutting forces of 
additively manufactured H13 tool steel [57]. In this study, slotting cutting forces of 
additively manufactured components from both wire and powder feedstocks were 
compared to wrought material. It was seen that the tangential cutting coefficients were 
higher for the wire feedstock produced component, but the radial cutting coefficients were 
higher for the powder feedstock produced component. Again, these higher cutting forces 
are attributed to the increased harness measurements of the produced material [57].  
3.3 Methodology 
The methodology used to develop the process parameters for hybrid manufacturing 
consists of various experiments. Before any deposition experiments can occur, the system 
must be aligned, ensuring omnidirectional deposition, and precise machining of additive 
parts. Subsequent to alignment, three experiments consisting of single beads, stepover 
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beads, and cubes will be conducted to determine the additive settings, stepover, and layer 
height respectively. Furthermore, identified defects from incorrect process parameters are 
characterized and mitigation strategies are provided. Finally, slicing and machining 
strategies researched, and lessons learned, are outlined. All experimental setups in this 
work for process parameter development employed 1.143 mm (0.045”) diameter 316L 
stainless steel wire and was deposited on A108 steel stock. 
3.4 Results 
This section presents the setup and results from various experiments conducted to 
develop process parameters for hybrid manufacturing. The outcome of these experiments 
provides the foundation for common hybrid manufacturing process development. 
 Alignment Testing 
Omnidirectionality is critical to a successful additive manufacturing process. 
Unlike other welding processes such as tungsten inert gas (TIG) welding or robotic welding 
where directionality is often kept constant, additive manufacturing often occurs in two 
directions and can sometimes occur in all directions. For example, the wire interfaces with 
the weld-pool from all directions from a Lagrangian perspective when depositing a 
cylinder. 
As shown in Figure 9, the laser system is outfitted with a low power laser spot 
generated for alignment. This laser spot is generated from the same optics as the welding 
laser but has a different spot diameter. The contact tip is mounted to a linear stage that can 
be minimally adjusted for alignment purposes. This alignment should be done at the proper 
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standoff distance (25.4 mm per manufacturer’s recommendation) from a qualified surface. 




Figure 9: Laser / Wire Interaction 
As shown in Figure 10, it is desired to have the wire centrally located to the weld-
pool to mitigate any directionality issues. Since the temperature varies across the weld-
pool, having the wire centrally located results in a consistent processing temperature 
regardless of direction. 
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Figure 10: Weld-pool Wire Alignment 
To test for proper alignment, a series of single beads should be deposited bi-
directionally along both the X and Y axes. Furthermore, as shown in Figure 11, circles 
should be deposited in both clockwise, and counterclockwise strategies. These tests mimic 




Figure 11: Circle Alignment Deposition 
 Single Bead Experiments 
Before subtractive or complex additive strategies can be developed, additive 
parameters for singles beads must first be understood. If hybrid manufacturing is to be 
adopted by industry, it must be optimized to have high deposition rates while maintaining 
process stability. Thus, the first set of experiments executed in this research address the 
optimization of single beads for maximum deposition rates while maintaining a stable 
process. 
Since there is a wide range of combinations that result in acceptable welds, a 
common variable called Linear Energy of Deposition (LED) [J*s/mm4] is proposed to 
characterize each bead. This proposed metric allows the machine user to compare a wide 
range of parameter setting combinations by means of a single number. Excluding standoff 
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distance and gas flow parameters, this proposed variable determines the amount of energy 
inputted to the wire relative to the traverse speed. This relationship is shown in Equation 
(1) where E is laser power, HWP is the hot-wire power, 𝐴𝑤 is the area of the deposited 
wire, WFS is the wire feed rate, and f is the traverse feed rate.  
𝐿𝐸𝐷 =







This relationship was developed so that different parameter configurations could be easily 
compared to one another through a common platform. 
A demonstration of this is shown in Table 5, where wire feed rate and traverse feed 
rate were progressively modified to find the optimal linear energy of deposition for a set 
of parameters. These experiments were qualitatively analyzed for geometry uniformity and 
deposition stability. 
Table 5 Linear Energy of Deposition Experiment Settings 














1 5080 762 300 4000 3.90 
2 4445 762 300 4000 4.45 
3 4445 1500 300 4000 2.26 
4 5080 1500 300 4000 1.98 
5 5715 1500 300 4000 1.76 
6 3810 1500 300 4000 2.64 
7 3175 1500 300 4000 3.17 
Figure 12 shows the resulting deposited beads generated during these experiments. 
It can be seen in the figure that many of these beads have discontinuities from the wire 
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being pushed out of the melt-pool due to excessive wire feeding. This was also visually 
apparent to the operator during the experiment and could be seen in the weld-pool video 
recordings. During these experiments, these beads were visually examined for width 
uniformity from start to finish. From this examination, it was observed that beginning and 
end of each bead is wider when compared to the center. Such a result is undesirable in 
additive manufacturing as a uniform weld-bead is necessary to mitigate porosity and 
produce geometrically accurate components. 
 
Figure 12: Single Bead Experiments 
Subsequent experiments were conducted to find the maximum deposition rate while 
keeping the process stable. As shown in Figure 13, some of the resulting weld beads in the 
experiments appear identical. To augment the data collected, a weld camera (Baselor 
acA800-200gc) was mounted to the spindle to monitor the weld-pool during deposition. 
This close-up view of the process provides the ability to monitor the stability of the process. 
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Figure 13: Single Bead Weld Camera Experiments 
As shown in Figure 14, the dynamics of the weld-pool during deposition can be 
characterized via data gathered from the video. The left image shows a discontinuity in the 
wire due to either wire underfeeding or overheating the wire before it reaches the weld-
pool. This defect can cause porosity in components due to skips in the weld. The center 
image shows the wire being displaced to one side during the deposition. This often results 
in a swirling motion that is due to wire overfeeding or underheating. The right image shows 
a stable process. The optimal set of parameters from these experiments that give the 
maximum deposition rate with a stable process is given in Table 6. 
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Figure 14: Weld-Pool Wire Placement 
The single beads produced with optimal parameters were evaluated by X-ray 
computed tomography for internal porosity using a ZEISS METROTOM 800. Figure 15 
shows a cross-sectional image generated via tomography near the center of a bead. It was 
determined that no porosity is present in any of the single beads that were characterized.  
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Figure 15: X-Ray Computed Tomography of Optimized Single Bead 
 Stepover Characterization 
Once the parameters for single beads were determined, experiments were 
conducted to characterize stepover distance. Stepover is the distance between the 
centerlines of two adjacent beads. This technique is needed when generating a raster 
pattern, the programmed motion path to sequentially sweep a two-dimensional area and fill 
it with material. This setting affects porosity, layer height, and deposition time. A general 
rule-of-thumb for this value is 60%-80% of the bead width [60]. The results of an 
experiment conducted to characterize this is shown in Figure 16. Four beads in a flat pad 
configuration were deposited at varying stepover values to qualitatively characterize the 
flatness of the layers. Since the optimum stepover is a factor of the weld geometry, the 
experiment should be completed each time process parameters that affect the resulting 
geometry are varied. The selected stepover of 70%, which yielded the most consistent 
deposition with regards to flatness, is given in Table 6.  
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Figure 16: Stepover Characterization 
 Layer Height Characterization 
Once the optimum stepover was identified, cubes with a varying number of layers 
were produced to characterize layer buildup. It is important to have proper layer heights 
throughout a build. As previously discussed, wire alignment occurs at a specified standoff 
distance from a qualified surface. During an additive build, the programmed layer height 
is used to determine the standoff distance. As shown in Figure 17, the standoff distance is 
also important in keeping the wire alignment constant.  
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Figure 17: Standoff Distance Adjustment  
For this experiment, as shown in Figure 18, nine cubes were deposited varying from 
two to eighteen layers with an initial layer height of 1.5mm. This initial layer height was 
measured from the previous stepover experiment. The toolpath was rotated 180º between 
layers, and a raster pattern with no profile pass was used. All nine cubes were printed 
simultaneously, which permitted requisite cooling between subsequent layers.  
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Figure 18: Layer Height Experiment 
The geometries of the cubes were inspected using a Zeiss Duramax coordinate 
measuring machine (CMM). The results of this experiment, shown in Figure 19, provide 
insight into the required distance between each deposited layer of a structure. The slope of 
the best-fit line provides the average layer height for each cube. As seen in Figure 19, the 
measured layer height was 1.43 mm.  
 
Figure 19: Layer Height Characterization 
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From these three process development techniques, the recommended process 
parameters were determined. These parameters listed in Table 6 are specific to the chosen 
material feedstock composition, but also serve as a viable baseline for other materials. 
Furthermore, ongoing research demonstrates that these process parameters are geometry-
specific, so printing different geometries may cause unpredictable effects when evaluating 
process parameters. For example, solid components have a higher thermal mass and require 
less laser power when compared to thin walled geometries. Thus, this highlights that it is 
advantageous to research adaptive processing abilities rather than process parameters for 
simple geometry. This is further evaluated in the Discussion section of this chapter.  
Table 6: Process Parameters 
Parameter Setting 
Traverse Feed Rate 1067 mm/min 
Wire Feed Rate 4445 mm/min 
Hot-Wire Preheat 420 W 
Laser Power 2750 W 
Nozzle Gas 20 L/min 
Shielding Gas 20 L/min 
Linear Energy of 
Deposition 
2.35 J*s/mm4 
Stepover 70% (3.29mm) 
Layer Height 1.43 mm 
 Slicing Strategies 
In addition to having effective process parameters, it is important to have an 
effective toolpath strategy. G-Code, which is produced by a computer aided manufacturing 
(CAM) software, is used to generate the coordinated axis trajectories of the machine tool. 
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Like hybrid manufacturing equipment, CAM software for hybrid manufacturing is also 
new to the commercial sector.  
For buildup of large parts, it is important to have uniform layer thicknesses. 
Furthermore, build-up during the additive process is directionally dependent. Figure 20 
demonstrates that bi-directional deposition of the weld material is critical in achieving 
uniform layer thickness. The figure shows results of two separate experiments where a 
plane wall is generated that is three beads wide and 152.4 mm (6”) tall. The wall shown in 
Figure 20a is generated by laying down material while traversing in a single direction. This 
is an inefficient deposition strategy because significant cycle time is wasted when the 
additive head repositions to the repeated starting location between each deposited bead. 
Thus, it causes the height of the resulting geometry to be non-uniform. However, if the 
deposition is bi-directional and the traverse feed is reversed for each layer, the resulting 
geometry is uniform as shown Figure 20b. For the two experiments shown, the bi-




Figure 20: Plane Wall Deposition Strategies 
It is noted that non-uniform buildup can be mitigated with hybrid manufacturing’s 
ability to machine away unwanted buildup to generate a flat surface. This process, called 
requalification, increases the overall cycle time, reduces material utilization efficiency, and 
yields a discontinuity in the thermal properties. Determining the effects of requalification 
on the mechanical properties of the produced component is discussed in the ensuing 
chapter. 
A useful toolpath generation strategy is the variation of deposition start points. This 
is a common strategy in the additive manufacturing industry to improve geometric 
accuracy of manufactured components [61]. A defect due to buildup is introduced each 
time there is a discontinuity (start/stop) in the deposition path. Thus, it is important to vary 
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the location of these discontinuities for each layer. This defect is due to the dwell associated 
with the communication between the additive and motion systems. The defects resulting 
from path discontinuities and the associated mitigation strategy are shown in Figure 21.  
 
Figure 21: Importance of Layer Rotation 
It is noted that these defects can be removed via machining after the deposition process for 
a layer is completed. This is a benefit of hybrid systems, but the resulting varying depth-
of-cut during the subtractive process can result in tool chatter (poor surface finish) and 
increased cycle time due to the need for subsequent roughing passes. 
Traditional slicing strategies break components up by z-level, but for thin-walled 
negative curvature geometry, the concept of chord slicing has been shown to be beneficial. 
As shown in Figure 22, a vase with a large flare was produced using this strategy. The 
overall component is 175 mm tall and is 200 mm in diameter.  
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Figure 22: Chord Sliced Component 
A representation of chord slicing is shown in Figure 23. The red lines correspond to 
traditional z-level slicing while the blue lines correspond to chord slicing, where the layers 
are evenly spaced along a length instead of a height. 
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Figure 23: Chord Slicing 
For a complex geometry such as a propeller blade shown in Figure 24, the concept 
of non-uniform layer heights was evaluated. The curved geometry requires the component 
to be built in sections. Furthermore, the varying cross-section, overall size, and complexity 
of the geometry does not lend itself to chord slicing strategies.  
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Figure 24: Propeller CAD Model 
To address this issue, non-uniform layer slices were generated by breaking the component 
into multiple sections. In other words, the geometry was treated as multiple parts instead 
of one large one. The toolpath trajectory for the entire part can be seen in Figure 25. The 
various colors correspond to individual toolpath trajectories that can be combined to 
produce the entire part. 
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Figure 25: Propeller Slicing Strategy 
A close-up view of an individual toolpath, as shown in Figure 26, shows how planar 
toolpath strategies can be enhanced to produce non-uniform layer slices. Future work 
includes machining this geometry in-situ to reduce issues with reach and access. Currently, 
this geometry requires expensive, specialized tooling to finish machining operations. The 
proposed hybrid machining strategies do not require such specialized tools yielding one of 
the main advantages of hybrid manufacturing. This topic is further investigated in the 
ensuing chapter.  
 44 
 
Figure 26: Non-Uniform Layer Slice 
 Machining Strategies 
 CAM programming for subtractive manufacturing has been employed for decades 
and is well understood. Though it is not discussed in detail, a few strategies specific to 
wire-fed hybrid manufacturing are presented in the section.  
 Excess wire, termed wire shoots, is often left on the component after deposition and 
is difficult to eliminate from the additive process; this can be seen in Figure 27. To reduce 
tool wear or destruction of subtractive tooling due to the excess wire being caught in the 
flutes, a conventional milling contour (where the tool rotates against the feed direction) 
with allowance around the geometry is often executed. This strategy removes the excess 
wire that can damage the flutes on tooling during climb milling contours (where the tool 
rotates with the feed direction).  
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Figure 27: Excess Wire Shoots Shown After Deposition 
 Machining geometry produced from wire-feed additive manufacturing processes is 
not the same as machining of standard stock material. The exact dimensions of the build 
being made are typically unknown and cannot be easily determined without breaking setup 
for inspection. Thus, it is good practice to start with a roughing pass, with an allowance of 
half a bead width larger than the anticipated geometry (2mm), to remove grossly overbuilt 
geometry and excess wire (if applicable). If wire shoots are present, the first roughing pass 
should use a conventional milling strategy. This increases overall cycle time of the 
operation but will remove any grossly overbuilt geometry and excess wire that may damage 
tooling. This approach is similar in nature to considering casting tolerances when 
machining a cast part. In many instances, the machine tool is programmed to make its 
initial roughing pass just beyond the maximum material condition of the casting, which is 
the worst-case scenario for the casting. In the hybrid scenario, the worst case is one half 
the bead width.  
 46 
 Finally, it is recommended to oversize the model that is being deposited by half a 
bead width (2 mm) to compensate for distortion and any areas that are underbuilt due to 
wire loss. Depositing just enough material to meet the final geometry results in a surface 
finish with underbuilt edges as depicted in Figure 28. Thus, it is better to have the deposited 
model oversized by a small amount, and machine it to the final dimensions. Though more 
material is wasted by oversizing the deposited model, it mitigates any underbuilt features. 
 
Figure 28: Geometry with Rough Surface Finish 
3.5 Discussion and Limitations 
This chapter outlines experiments and lessons learned during the development of a 
new hybrid laser hot-wire process. The investigated development provides a foundation for 
industrial adoption, yet there were limitations identified that require more investigation. 
This section identifies and discusses these issues. 
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The additive experimental setup developed in this dissertation does not consider the 
temperature of the substrate (or previous layer). As a result, it is hypothesized that this 
residual heat has an effect on the processing window and can be used to increase deposition 
rates. If it is not considered, this heat will compound when building large parts resulting in 
large amounts of distortion and non-uniform buildup [62]. Thus, it is determined to be 
critical that in-situ sensing and control be integrated into this equipment to mitigate issues 
that arise due to varying processing needs. With in-situ monitoring and control, the 
machine can adapt for varying temperature, geometry, and deposited material [63]. 
Furthermore, it also mitigates issues associated with process parameters being applicable 
to all processing scenarios. These in-situ sensors are being developed and the resulting 
adaptive processing strategies are a topic of future work. 
The outlined experiments are straightforward and provide the foundation for 
process development, but their implementation is not always linear. It was found that the 
wire/laser alignment can depend on process parameters and vise-versa. Thus, these 
experiments are an iterative process that are repeated until satisfactory parameters are 
found. As seen in the ensuing chapters, the optimal parameters selected are not optimal for 
all processing scenarios. Furthermore, the experiments developed in this research optimize 
for geometrical accuracy, not material properties. Thus, this echoes the critical need for 
adaptive processing. 
3.6 Conclusion 
This chapter outlines experiments and lessons learned during the development of a 
new hybrid laser hot-wire process. Specifically, it discusses how to develop process 
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parameters through three experimental techniques, characterize certain deposition defects, 
and program for additive and subtractive processes. These techniques result in high 
deposition rates (2.5 kg/hr of 316L stainless steel) that lend itself to hybrid manufacturing 
being adopted by industry. Key outcomes from this research are: 
• Introduction of per unit time variable (Linear Energy of Deposition) to relate and 
evaluate deposition parameters. 
• Development of standard experimental techniques to be used for hybrid process 
development for any material feedstock. 
• Key slicing (Chord Slicing / Non-uniform Layers) and machining strategies for 
complex curved components that are better produced in non-planar slices. 
This work also highlights the need for various sensing solutions for in-situ process 
monitoring. The foundation built from this research will help advance these commercial 
hybrid manufacturing systems to industrial applications. Now that process parameters have 
been determined, the ensuing chapter evaluates the effect that the hybrid workflow has on 
the mechanical properties of the resulting components.  
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 HYBRID HEXAGONAL STRUCTURE PROCESS 
DEVELOPMENT 
 Hybrid manufacturing allows for additive and subtractive processes to be 
conducted in the same machine setup, enabling the transition between additive and 
subtractive processes to rapidly occur. Subsequently, the component temperature and use 
of coolant during the subtractive process can vary during the experiments. This chapter 
investigates the effect that the hybrid manufacturing process has on the mechanical 
properties of the resulting components. 
4.1 Introduction 
 This chapter investigates the development and demonstration of hybrid 
manufactured hexagonal structures via various processing means. This hexagonal structure 
is be manufactured using two distinct processes: the first being complete additive build-up 
before machining, while the second demonstrates hybrid manufacturing’s ability to 
machine a component at different intervals during the additive process. Furthermore, the 
components are machined under different conditions by varying whether coolant is used, 
and the temperature at which machining occurs. The temperature at which machining 
occurs can affect machining characteristics. Typically, coolant is used to reduce the 
temperature at the cutting interface. This is done to improve tool life as well as to prevent 
thermal damage to the part being machined (e.g., burning the part). However, using coolant 
on a hot part (e.g., one that has just been printed) can rapidly cool a part, resulting in 
potential material characteristic changes (e.g., quenching). The goal of this chapter is to 
determine if machining temperature and use of coolant in the hybrid manufacturing process 
influences the material properties of the resulting components.  
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4.2 Literature Review 
To build upon previous research, a review of relevant literature is conducted below. 
Literature related to mechanical properties of DED produced components and the resulting 
geometrical distortion are presented in the ensuing section. 
 Mechanical Properties of Additive Components 
It is believed that a component produced by hybrid manufacturing presents higher 
fatigue strength than one produced solely by additive manufacturing because of the 
difference in surface quality [64, 65]. It was shown by Spierings et al. [66] that the finishing 
of additively produced parts had a limited effect on the fatigue strength at 106 cycles, but 
significant effect at 107 cycles. Microcracks are generated on the surface of a rough 
additively manufactured surface, which can be stress concentration points promoting crack 
initiation. Thus, subsequent machining is important towards improving the fatigue 
resistance and ductility of the part as surface microcracks are removed from the part [64]. 
The differences in surface finish can be easily seen in Figure 29. 
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Figure 29: Cross-Section of Additive and Machined Surfaces [65] 
It has been shown through tensile tests on various parts that laser-cladding 
strategies have a significant influence on the resulting product’s mechanical properties [2, 
67]. Tabernero et al. showed that IN718 samples created with a longitudinal raster pattern 
across a produced tensile sample had 55%-60% lower ultimate tensile strength when 
compared to a transverse raster pattern [67]. Through studying the orientation effects on 
tensile samples of 304L stainless steel parts, Smith et al. saw a 25% increase in yield 
strength by changing the build orientation [68]. It was further observed that the ultimate 
tensile strength was increased by 9%, but maximum elongation was reduced by 27% [68]. 
The disparity in the mechanical properties is attributed to a difference in manufacturing 
defect populations. Shrestha et al. showed similar results for 316L stainless steel 
components produced by L-PBF [69]. They showed that, despite the presence of defects 
between layers, the specimens exhibited higher yield strength, ultimate tensile strength, 
and elongation to failure when compared to wrought material. Olakanmi et al. has 
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highlighted the detrimental effects that porosity has on elongation to failure [70]. Table 7 
shows reported mechanical properties of austenitic stainless steels produced by additive 
manufacturing. It is seen that orientation effects the yield strength, ultimate tensile strength, 
and elongation. However, due to the variation in the data, one orientation does not always 
result in improved mechanical properties. 
Table 7: Mechanical Properties of Austenitic Stainless Steels 
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Work by Hansel et al. compared tensile strength, yield, and elongation of powder DED 
components to cast and wrought material [19]. It was reported, as shown in Table 8, that 
the tensile strength for the deposited samples were between cast and wrought values, while 
the yield strength was increased compared to the cast and wrought samples [19]. It was 
further discussed that yield strength is normally more important in an industrial setting. 
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Table 8: Stainless Steel Mechanical Property Comparison [19] 
316L Stainless Steel Cast Deposited Wrought 
Tensile (MPa) 517 520 580 
Yield (MPa) 172 297 290 
Elongation (%) 39 27 50 
From reviewing the literature, there appears to be little consensus on what causes 
anisotropic mechanical properties, though it is likely due to numerous factors. While DED-
produced austenitic stainless steels have been studied extensively in the literature, there is 
little work performed to understand the effect of build orientation on mechanical properties.  
Due to the nature of the process, the microstructure of a DED component can be 
different between layers and even within layers [74]. For DED, the typically small weld-
pool and fast traverse speed produce high cooling rates and large thermal gradients. 
Depending on the deposited alloy, these gradients can result in unique solidification grain 
structures which are not possible using traditional manufacturing means [74]. At lower 
cooling rates, which is more common for wire DED than powder DED, the grain features 
grow and look similar to those of cast structures [74]. Microstructure can also be predicted 
by using a 3D Rosenthal solution for a moving heat source on an infinite plate. This 
simplified model, developed in the early 20th century, ignores deposited material, but can 
be used to determine the temperature, cooling rates, and thermal gradient at any given 
location and time [74, 75].  
 54 
Residual stresses are also a concern in metal additive manufacturing [42, 76, 77]. 
Localized heating and phase transformations induce stresses within the part. These stresses 
can be large enough to cause distortion or even fracture [3]. The resulting geometrical 
errors are difficult to estimate for subsequent machining operations [78, 79]. Salonitis [80] 
reported that the residual stresses could be significant enough that the part could deform 
during the post-process machining operation to the point where the tool no longer engages 
with the material. 
4.3 Distortion Modelling of Additive Components 
To manufacture geometrically correct components, the residual stresses and 
distortions that occur due to the laser welding process must be understood. This section 
builds the foundation for understanding and quantifying residual stresses and distortions 
that occur during the welding process. 
Highly localized transient heat input results in considerable residual stresses and 
deformations during and after the welding process [14, 81]. In contrast to load stresses, 
where internal and external forces are in equilibrium, residual stresses occur in the presence 
of internal forces without external forces. Residual stresses may cause brittle fractures in 
the finished structures [3]. Subsequent machining of components relaxes residual stresses 
which may result in dimensional changes [78-80, 82]. Though steps are traditionally taken 
to mitigate residual stresses, the hybrid structures investigated in this project leverage the 
residual stresses to create stronger joints. 
Research dating back to 1930 has been conducted on residual stresses and distortion 
through predictive methodology, experiments, or empirical formulations [14, 79, 82]. 
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Attempts have also been made to predict residual stresses through computer simulations of 
the welding process [14]. One significant conclusion of these studies is that the weld 
residual stresses are not heavily influenced by the weld heating cycle, but rather as a result 
of shrinking in the deposited material and its adjacent base metal during cooling [82]. 
Therefore, analysis of the shrinkage phenomena of welds alone may be sufficiently 
accurate to predict residual stresses and deformations [14, 82]. This modeling scheme is 
often referred to as the “inherent shrinkage model” [82]. 
During the welding process, the localized area is quickly heated relative to the 
surrounding area resulting in volumetric expansion. The expanding material is restrained 
by the surrounding colder area, which gives rise to thermal stresses. The resulting thermal 
stresses slightly exceed the yield limit, which is lowered at elevated temperatures. 
Consequently, the weld area is plastically compressed and, after cooling, is geometrically 
too small relative to the surrounding area. Thus, the weld displays tensile residual stresses 
while the surrounding area displays compressive residual stresses. Microstructural 
transformation during cooling involves an increase in volume. If this occurs at a 
temperature at which the yield limit is sufficiently high, it results in compressive residual 
stresses in the weld area, and tensile residual stresses in the surrounding area. The residual 
stress distributions and the amount of weld distortion depend on the final state of the plastic 
strain distributions and their compatibility in the joint [82]. 
The induced incompatible inelastic strains in the weldment during the heating and 
cooling cycles include transient thermal strains, cumulative plastic strains, and final 
inherent shrinkage strains. At any instant during welding, mechanical strains are generated 
by the non-linear temperature distributions from the incompatible thermal strains. This 
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leads to incremental plastic strains if yielding occurs. The cumulative plastic strains build 
up with each welding cycle. This final state of compressive, inelastic strains is referred to 
as the “inherent shrinkage strains” first introduced by Ueda [83, 84]. Induced incompatible 
plastic strains (assuming 2-dimensional plane-strain condition) at each heating or cooling 
time increment may be described mathematically as follows: 
∇2(𝜎𝑥 + 𝜎𝑦) = −
𝐸
1 − 𝜈
∇2(𝛼𝜃) − [𝑔(𝑥, 𝑦) + ∆𝑔(𝑥, 𝑦)] (2) 
where the ∇2is the Laplacian operator, 𝜎𝑥 and 𝜎𝑦 are thermal stress components in the x 
and y directions, 𝐸 is Young’s modulus, 𝜈 is Poisson’s ratio, 𝛼 is the thermal expansion 
coefficient, 𝜃 is a temperature function, 𝑔(𝑥, 𝑦) is a cumulative plastic strain function and 
∆𝑔(𝑥, 𝑦) is the plastic strain increment function over each thermal cycle. The plastic strain 












































The Laplacian thermal strains shown are governed by the rate of enthalpy change 
in the welded component. Once the thermal cycling is complete, the cumulative plastic 
strains in the weldment are usually compressive and become the inherent shrinking strains 
𝑔𝐼(𝑥, 𝑦). These shrinking strains interact with the structural rigidity resulting in residual 
 57 
stresses 𝜎𝑥𝑅 and 𝜎𝑦𝑅  and distortion strains 𝜀𝑥𝐷 and 𝜀𝑦𝐷. Residual stresses may be written with 
a possible reverse yielding 𝑔𝑅(𝑥, 𝑦) as follows: 
∇2(𝜎𝑥𝑅 + 𝜎𝑦𝑅) + 𝑔𝑅(𝑥, 𝑦) = −𝑔𝐼(𝑥, 𝑦) (5)  
The distortion strains may be written in the form of final total strains as follows: 
𝜀𝑥𝐷 − 𝜀𝑥𝐼 =
1
𝐸
[𝜎𝑥𝑅 − 𝜈(𝜎𝑦𝑅 + 𝜎𝑧𝑅)] + 𝜀𝑥𝑃𝑅 (6) 
𝜀𝑦𝐷 − 𝜀𝑦𝐼 =
1
𝐸
[𝜎𝑦𝑅 − 𝜈(𝜎𝑧𝑅 + 𝜎𝑥𝑅)] + 𝜀𝑦𝑃𝑅 (7) 
𝜀𝑧𝐷 − (𝜀𝑥𝐼 + 𝜀𝑦𝐼 ) =
1
𝐸
[𝜎𝑧𝑅 − 𝜈(𝜎𝑥𝑅 + 𝜎𝑦𝑅)] − 𝜀𝑥𝑃𝑅 − 𝜀𝑦𝑃𝑅 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡𝑠 × tan 𝑡 (8) 
𝛾𝑥𝑦𝐷 − 𝛾𝑥𝑦𝐼 =
2(1 + 𝜈)
𝐸
𝜏𝑥𝑦𝑅 + 𝛾𝑥𝑦𝑃𝑅 (9) 
Here, 𝐷 represents distortion strains, 𝐼 represents the inherent (cumulative) shrinkage 
strains, 𝑅 represents residual stresses, and 𝑃𝑅 represents plastic strains due to reverse 
yielding. 
The inherent shrinkage plastic strains can be determined from the known distortion 
strains. Thus, the distortion shape of a component can be determined by integrating these 
strains with respect to spatial coordinate variables. For example, when welding along a 
longitudinal plate, the total strain 𝜀𝑐𝑔𝐷  at the center of gravity of any cross-sections and its 
curvature C may be written as follows: 
𝜀𝑐𝑔𝐷 =













where 𝐴𝑠𝑒𝑐𝑡𝑖𝑜𝑛 is the geometrical cross-sectional area and 𝐴𝐼 is the shrinkage strain area 
containing the inherent shrinkage plastic strains. 𝛿𝑐𝑔𝑠𝑒𝑐𝑡𝑖𝑜𝑛 and 𝛿𝑐𝑔𝐼  are the distances from 
weld to the centers of gravity of these two areas respectively. The amount of longitudinal 
shrinkage can be shown from the average shrinking strain 𝜀𝑐𝑔𝐷  at the section centroid. The 
curvature C is the curvature of the cross-section at a given location along the weld axis. 
Equations 2-11 demonstrate that cumulative plastic strains govern the final state of 
residual stresses and distortion in a welded component [83, 84]. Therefore, an engineering 
approach to estimating residual stresses or distortion is to establish the relationships 
between these plastic strains and variables associated with the process. Though these 
equations provide a good estimation, some phenomena that occur during the welding 
process can only be analyzed by numerical solutions. 
 Temperature Distribution in Welding 
Equation 2 uses a temperature function to describe the temperature of a component 
as a function of position. Rosenthal was first to investigate the temperature distribution by 
using a travelling point heat source model [75]. In this simplified model that is widely used, 
material deposition is ignored and only heat conduction is considered from within the melt-
pool and substrate due to a heat source moving at velocity 𝑉 [85]. It is assumed that the 
beam only moves in the x direction. The amount of energy absorbed is 𝛼𝑄, which is the 
simplified version of the complex temperature dependent absorption of laser beam. Here, 
𝑄 represents the total amount of energy input to the process, and 𝛼 represents the ratio of 
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the absorbed energy to the total energy. It is assumed that the energy source moves in the 
x direction at a constant velocity, and the relative coordinates of the beam (𝑥0, 𝑦0, 𝑧0) can 
be related to the fixed coordinates (𝑥, 𝑦, 𝑧) at any given time 𝑡 as (𝑥0, 𝑦0, 𝑧0) = (𝑥 −
𝑉𝑡, 𝑦, 𝑧). With the given conditions, the Rosenthal solution for temperature 𝑇 at time 𝑡 for 
any location in an infinite half-space can be expressed in dimensionless form as [74, 75]: 
𝑇 =

























In these equations, 𝑇0 is the initial temperature, 𝜌, 𝑐, and 𝑘 are density, specific heat, and 
thermal conductivity of the substrate, respectively. As shown by Gibson et al., this equation 
can also be modified by differentiating with respect to time and the dimensionless spatial 
coordinates to result in a formulation for cooling rates, and thermal gradients for any 
location (x, y, z) and time, (t) [74]. 
Building upon Rosenthal’s model, Goldak was able to develop an accurate model 
for a heat source that is useful for laser welding [86, 87]. Specifically, Goldak’s double-
ellipsoidal heat source model is widely used in computational welding modeling [88]. Its 
geometric parameters are shown in Figure 30. 
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Figure 30: Goldak Geometric Parameters [89] 
This model is based on a Gaussian distribution of power density [86]. The double 
ellipsoidal geometry is used such that the size and shape of the heat source can be used to 
model both shallow penetration of arc welding as well as deeper penetration processes such 
as laser and electron beam welding. The derived power density equation for the inside of 
the front quadrant is [86]:  










3[𝑥 + 𝑣(𝜏 − 𝑡)]2
𝑐𝑓2
) (14) 
Similarly, the power density for inside of the rear quadrant is [86]: 














where Q is the power input, v is the welding speed, and 𝜏 is the lag factor necessary to 
define the position of the heat source at 𝑡 = 0. The variables a, b, and c are the semi-axis 
of the heat source model, respectively. The fractions of the heat, 𝑓𝑓 and 𝑓𝑟, represent the 
heat flux in the front and rear quadrants, respectively, where 𝑓𝑓 + 𝑓𝑟 = 2. 
These base equations, from the literature, provide the foundation for common 
computational welding computations. Though manual calculations are not explicitly 
discussed in this work, they are used to enhance the creation and understanding of the 
distortion modeling conducted in this chapter.  
4.4 Methodology 
 The methodology of this research is to manufacture hexagonal structures with 
varying processing means. The experimental setup will be held consistent by using 1.14 
mm (0.045”) diameter 316L stainless steel wire deposited on either gray cast iron or A36 
steel substrate. The difference in substrate does not affect the results of this research as the 
area of interest is away from the substrate interface. The hexagonal structure, as shown in 
Figure 31, is dimensioned such that it can be used to produce tensile samples conforming 
to the ASTM E8/E8M-16a standard for tension testing of metallic materials [23]. Tensile 
specimens are produced in both horizontal and vertical orientations to characterize 
mechanical properties between and along the additively manufactured layers. 
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Figure 31: Left-Tensile Sample, Right-Hexagonal Structure 
Along with being destructively tested for mechanical properties, each sample is 
evaluated for porosity using X-ray computed tomography by the Zeiss team at ORNL. 
Optical microscopy and hardness evaluation will also be conducted. Table 9 provides the 
experimental methodology for the varying processing means. Two machining sequences 
have been selected; one sequence where the component will be machined directly after 
deposition while it is still hot, the other sequence will allow the component to be naturally 
cooled before machining. Furthermore, experiments were added depending if coolant will 
be used or not. Using coolant improves tool life, but also results in the hexagonal structure 





Table 9: Hexagonal Structure Experimental Methodology 
Experiment Machining Sequence Coolant Status 
Additive Hexagonal 
Structure Machine cool N/A 
Additive Hexagonal 
Structure Machine hot No Coolant 
Additive Hexagonal 
Structure Machine hot Coolant 
Hybrid Hexagonal 
Structure 




Machine cool at 
intervals No Coolant 
Hybrid Hexagonal 
Structure 
Machine hot at 
intervals No Coolant 
Hybrid Hexagonal 
Structure 
Machine hot at 
intervals Coolant 
The toolpath trajectory for the deposition was programmed using Autodesk’s 
PowerMILL. This program takes the nominal CAD geometry and creates g-code for the 
developed toolpath trajectories. Initial toolpath trajectories used 3-axis motion for the 
deposition, but it was seen during collision simulation that the toolpath exceeded the 
machine axis limits. Figure 32 depicts this issue for a standard vertical 5-axis hybrid 
manufacturing machine. Since the additive and subtractive heads share the same motion 
drives, there is a discrepancy between the size of parts that can be deposited compared to 
what can be machined. For example, if the offset between the spindle and additive head is 
150 mm, the effective machine volume is reduced by 300mm. 
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Figure 32: Hybrid Machine Stroke Issues 
To compensate for this issue, the toolpath was modified such that it utilized the 
rotary motion. During deposition, the additive head will stay in a constant Y-axis position 
while moving the workpiece around the C-axis. Figure 33 shows the developed toolpath 
for the hexagonal structure.  
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Figure 33: Hexagonal Structure Toolpath 
 Additive Hexagonal Structure 
The process variation where the entire component was deposited before machining 
is known as the additive hexagonal structure. As shown in Figure 33, four beads were 
deposited in a hexagonal pattern centered to the CAD model. A wall thickness of four beads 
for the hexagonal structure was selected as early experimentation with three beads resulted 
in underbuilding in the corners due to thermal distortion. The resulting cycle time of the 




Table 10: Hexagonal Structure Additive Parameters 
Parameter Value 
Surface Feed 1067 mm/min 
Laser power 2750 W 
Wire Feed Speed 4445 mm/min 
Hot-Wire Power 420 W 
Nozzle Gas Flow 20 CFH 
Shielding Gas Flow 20 CFH 
From early experimentation, it was determined that the gray cast iron substrate used 
for the hexagonal structures needed to be prepared such that the hexagonal structure are 
metallurgically compatible. This process is commonly known as “buttering” in the welding 
industry. Without this buttering, the hexagonal structures delaminate from the surface as 
shown in Figure 34 and Figure 35. For this instance, a single layer of 316L stainless steel 
was deposited across the entire cast iron surface. Subsequent machining occurred to result 








Figure 35: Cast Iron Delamination Close-up 
The machining portion of the additive hexagonal structure was created in Open 
Mind’s HyperMILL. Analogous to the additive toolpath planning, some modifications to 
the initial toolpath had to be made to accommodate the limited machine motion. The 
toolpath is comprised of five operations as shown in Figure 36. 
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Figure 36: Additive Hexagonal Structure Machining Workflow 
The tooling used and respective process parameters for the machining operations 
are shown in Table 11. The process parameters were selected based on the manufacturer’s 
recommendations and were held constant through each experiment.  
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Table 11: Additive Hexagonal Structure Machining Parameters 
Tool Description Process Parameters** Process Where 
Used 
9.525 mm Diameter 4-Flute 
End Mill 
Surface Feed: 70 m/min 
Feed-Rate: 0.03 mm/tooth 
Top Contouring 
12.7 mm Diameter 4-Flute 
End Mill 
Surface Feed: 90 m/min 
Feed-Rate: 0.05 mm/tooth 
Inside Roughing 
Inside Finishing 
25.4 mm 5-Flute Diameter 
End Mill 
Surface Feed: 70 m/min 
Feed-Rate: 0.06 mm/tooth 
Outside Contouring 
Outside Facing 
**All Process Parameters Per Manufacturers Recommendation 
The cycle time for the machining operation was 16 hours. This long cycle is 
attributed to the spiral toolpath on the inside contour due to reach and access problems. As 
discussed in the ensuing section, being able to mitigate reach and access issues is one of 
the benefits of hybrid manufacturing. 
 Hybrid Hexagonal Structure 
The process variation where the hexagonal structure is built in consecutive sections 
is known as the hybrid hexagonal structure. For simplicity, the 127 mm tall component is 
comprised of 5 equal sections of 25.4 mm. Each section is deposited and fully machined 
before continuing to the next section. Since the previous section is fully machined, the 
additive toolpath is modified to a 3-bead configuration, as the 4-bead configuration creates 
an overhang that is too large for deposition as shown in Figure 37. It is noted that 5-axis 
deposition strategies are possible, but it was determined that completing the entire 
deposition using 3-axis motion was more beneficial to the research goals of the project as 
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it is applicable to both 3 and 5-axis systems. The same deposition settings as shown in 
Table 10 were used for this set of experiments.  
 
Figure 37: Hybrid Contouring Toolpath Development 
For the machining strategy, the top contouring and outside contouring were re-used, 
and an analogous inside contouring using the 12.7 mm diameter 4-flute end mill was 
developed. This inside contouring reduced the total machining time by 85% to 2.5 hours. 
The same machining process parameters for the respective tools as shown in Table 11 were 
used. Variations of the inside and outside contours that machine 5 mm lower were 
generated to use with the subsequent sections. These variations are used to generate a 
seamless blend between the sections. 
Once completed, the samples were prepared for evaluation by using wire electrical 
discharge machining (EDM) and standard subtractive machining. They were tensile tested 
by following the ASTM E8/E8M standard test methods for tension testing of metallic 
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materials [23]. Optical microscopy and hardness evaluations were also completed by the 
materials team at ORNL, and X-Ray computed tomography was conducted by the Zeiss 
team at ORNL. 
4.5 Results 
Hexagonal structures were produced using various processing means to understand 
the influence that the hybrid manufacturing process has on the mechanical properties of a 
produced component. This section outlines the results from the various experiments and 
discusses lessons-learned from the study. Table 12 shows the labeling strategy for the 
experimental cases.  




Deposition Strategy Machining Status Coolant Status 
Hexagon 1 3 Beads – Full Additive Cold Coolant 
Hexagon 2 4 Beads – Full Additive Cold Coolant 
Hexagon 3 4 Beads – Full Additive Hot Coolant 
Hexagon 4 4 Beads – Full Additive Hot No Coolant 
Hexagon 5 4 Beads – Hybrid  Hot No Coolant 
Hexagon 6 4 Beads – Hybrid  Cold Coolant 
Hexagon 7 4 Beads – Hybrid  Cold No Coolant 




 Additive Hexagonal Structures 
Hexagonal structures that were completely deposited before machining have been 
termed additive hexagonal structures. For this set of experiments, three scenarios were 
evaluated. The first case was produced from machining after the component had 
completely cooled to room temperature after deposition. The other two were machined 
directly after printing. One case was machined dry without coolant, while the other was 
quenched with coolant. 
It was identified from early experiments that a four-bead geometry needed to be 
used to compensate for distortions. Hexagon 1 was generated using a three-bead strategy 
before the moving to the four-bead strategy. This test case generated a component good 
enough for creating samples but had underbuilt geometry in the corners. The data set was 
kept for analysis to determine if the change in deposition strategy had any effect on the 
material properties. 
Machining of the additive hexagonal structures occurred as expected without any 
issues as seen in Figure 38 and Figure 39. Upon finishing, surface porosity was observed. 
This is attributed to instability in the deposition process. This results from the wire exiting 
the weld-pool and leaving a void in the deposited bead as seen in Figure 40. This defect is 
common in thin-walled components. 
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Figure 39: Isometric View of Machined Hexagonal Structure 
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Figure 40: Deposited Void 
 Hybrid Hexagonal Structures 
The hexagonal structures generated in consecutive sections are termed hybrid 
hexagonal structures. For these hexagonal structures, five equal sections measuring 25.4 
mm tall were generated by alternating additive and subtractive manufacturing. For this set 
of experiments, four scenarios were evaluated. Two cases were machined after the 
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component had cooled, one variation with coolant while the other without. The other two 
cases were machined directly after deposition, with analogous coolant variations. 
Initial attempts resulted in slight modifications to the toolpath trajectory. As shown 
in Figure 41, a constant surface feed resulted in a non-uniform build-up on consecutive 
layers. This is attributed to the first layer having an overhang and not wetting against the 
substrate. 
 
Figure 41: Non-uniform Buildup of Hybrid Hex 
To mitigate this phenomenon, the surface feed for the first layer was reduced by 50% to 
500 mm/min. The resulting uniform geometry is shown in Figure 42. It is noted that this 
component was produced by machining the geometry directly after deposition. 
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Figure 42: Uniform Buildup of Hybrid Hexagonal Structure 
The experiments in which the hexagonal structure was completed cooled before 
machining resulted in large amounts of distortion. The distortion was large enough that the 
final geometry was not attainable from the deposited geometry. It is hypothesized that there 
was distortion with the additive hexagonal structures, but the 4-bead variation generated a 
wall thickness large enough to keep the part contained. As shown in Figure 43, the first 
section of hexagon 6 resulted in the top of the part being distorted inward enough such that 
the machining operation did not sufficiently remove material.  
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Figure 43: Distorted Section 
 To better understand this distortion, simulation of the DED process was conducted 
to provide a quantitative result of the distortion. The ensuing section discusses the 
simulation study and evaluates its results.  
 Distortion Simulation Study 
A distortion simulation was conducted to enhance the understanding of how the 
hexagonal structure was distorted. The software package selected was Autodesk’s Netfabb. 
This package is beneficial to this study as it leverages the generated toolpath trajectory 
from Autodesk’s PowerMill for the simulation. Conducting directed energy deposition 
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simulations with Netfabb is a newer feature that is not fully released. Thus, the simulations 
were conducted in collaboration with Autodesk. 
The Netfabb simulation solver utilizes the Goldak [86] heat source model to 
conduct a thermal simulation that is then leveraged to conduct a mechanical simulation. 
The workflow of the Netfabb distortion simulation is shown in Figure 44. 
 
Figure 44: Netfabb Distortion Simulation Workflow [90] 
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Figure 45 shows the results from the distortion simulation. The simulation model 
utilizes well-known 316L stainless steel material properties used in power-bed fusion 
simulations for both the deposited material and substrate. Furthermore, the ability to 
modify the substrate geometry does not currently exist. However, it is seen in the figure 
that the resulting maximum distortion after cooling to 25 °C is 0.793 mm. This maximum 
distortion occurs 94 minutes after deposition is complete on the top surface of a corner 
vertex. Despite the numerous assumptions needed for this simulation, the results are 
comparable to the actual values. The distortion of the component shown in Figure 43 was 
measured to be 1 mm with calipers. This was done by taking measurements directly after 




Figure 45: Distortion Simulation 
From the thermal distortion analysis, it was determined to modify the additive 
toolpath trajectory to include a 3° outward taper to the wall. The hypothesis is that once 
cooled, the geometry distorts inwards and bring the part back into the preform. As shown 
in Figure 46, the first section was successfully manufactured as it can be observed that the 
entire surface was machined. Unfortunately, the compensation was not sufficient for the 
subsequent sections as shown in Figure 46. It is hypothesized that the issue observed with 
the second section is due to the component being distorted inwards during the cooling 
cycle. A depiction of this hypothesis is shown in Figure 47. 
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Figure 47: Cooling Distortion 
To mitigate the distortion, a pre-heat cycle was developed. This pre-heat cycle 
utilizes the laser as a heat source to heat the substrate before deposition occurs. To create 
this cycle, the first layer of the deposition toolpath was used. By applying a shift to the 
work coordinates, the laser can be de-focused to evenly heat the entire surface without 
melting the machined base surface. For the pre-heat, 2000 W laser power at a surface feed 
of 2000 mm/min was used. The timed cycle ran for 10 minutes and the top surface after 
pre-heat was measured with a surface pyrometer to be 400ºC. Infrared images of the 
component before and after are shown in Figure 48. The pre-heat cycle was used on 
hexagons where the part was allowed to cool between sections (hexagons 6, 7, and 8). 




Figure 48: Pre-Heat Cycle 
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Figure 49: Hexagon 8 
 Distortion Results 
After manufacturing of the hybrid hexagonal structures, each was scanned using a 
GOM structured light scanner. These results were evaluated using a metrology and 
visualization software called Volume Graphics. 
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The imported scans were compared to the nominal CAD geometry as shown in 
Figure 50. The figure shows the resulting saw-tooth effect due to the cyclical heating and 
cooling of the component. Distortion figures from each processing scenario is provided in 
Appendix A.  
 
Figure 50: Distortion Comparison for Hexagon 7 
To better understand the accuracy of these produced components, the percentage of 
the surface relative to the absolute distortion of 0.45 mm was determined. For example, 
only 51% of the geometry for hexagon 5 is within 0.45 mm of the nominal surface. 
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Figure 51: Geometrical Accuracy of Hybrid Hexagonal Structures 
Figure 51 shows that the overall accuracy of the final components is poor as all of them 
are below 70%, but it is seen that Hexagon 6 is the most accurate at 66%. This agrees with 
the hypothesis that allowing components to completely cool and machining with coolant 
(reducing cutting forces) yields improved accuracy. This can also be seen in the surface 
distribution chart shown in Figure 52. Hexagons 6 and 7 both have an increased normal 
distribution compared to hexagons 5 and 8. It is noted that these data are generated by 
aligning the scanned model to the nominal CAD model in Volume Graphics. This is done 
automatically using a least squares technique with little input from the user. Thus, the 




Figure 52: Surface Distribution 
From these analyses, it can be concluded that distortion is an important factor for 
hybrid manufacturing and must be considered. Ongoing research is evaluating the concept 
of updating toolpath trajectories in-situ to the process to compensate for distortion. 
 Mechanical Data 
As discussed in the methodology section, twelve samples from each hexagonal 
structure were destructively tested for mechanical properties. The results are discussed 
below, and the stress-strain curves are shown in Appendix B. 
Figure 53 shows the average yield strength and the associated standard deviation 
for each hexagonal structure. For each case, the yield strength is higher for samples created 
horizontally along layers when compared to the vertical samples along the build direction. 
For the hybrid hexagons (5-8) this decrease was greater than the additive hexagons (1-4). 
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Furthermore, the hybrid hexagons (5-8) have slightly lower yield strengths when compared 
to the additive hexagons (1-4). Compared to values from literature in Table 8, the yield 
strength from this study is significantly higher than the wrought 316L stainless steel value 
of 290 MPa [19]. 
 
Figure 53: Hexagonal Structure Yield Strength 
 To help understand if machining influences the mechanical properties of the 
produced component, yield strength was plotted with respect to elongation. These figures 
are shown in Appendix B. It is well known that an increased yield strength is coupled with 
increased elongation [91]. This is the basis and desired outcome for most cold working 
operations. Yet, the results from this study show that the increase in yield strength results 
in lower elongation values. The exact underlying mechanism is yet to be determined; 
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however, it is hypothesized that this can be attributed to cellular microstructure or residual 
stresses. Furthermore, as discussed in the ensuing section, the significant porosity in the 
samples can scatter the results enough to mask the expected behavior. 
Figure 54 shows the average ultimate tensile strength and the associated standard 
deviation for each hexagonal structure. For each case, the ultimate tensile strength is higher 
for the samples created horizontally along layers when compared to the vertical samples 
along the build direction. For the additive hexagons (1-4), a larger drop in ultimate tensile 
strength between the orientations is observed when compared to the hybrid hexagons (5-
8). Overall, all cases have similar nominal values, with no significant changes between the 
hybrid (5-8) and the additive (1-4) hexagons. Compared to the wrought 316L stainless steel 
ultimate tensile strength of 580 MPa, as shown in Table 8, the ultimate tensile strength is 
similar for the samples produced in this study [19]. 
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Figure 54: Hexagonal Structure Ultimate Tensile Strength 
Figure 55 shows the average elongation and the associated standard deviation for 
each hexagonal structure. For each case, the elongation is higher for the samples created 
horizontally along layers when compared to the vertical samples along the build direction. 
A significant decrease in elongation is seen in the additive hexagons (1-4) when compared 
to the hybrid hexagons (5-8). Yet, the deviations for these additive hexagons (1-4) are large 
with respect to their magnitude, indicating a large amount of variation in the data. 
Compared to the wrought 316L stainless steel elongation of 50%, as shown in Table 8, the 
hybrid hexagons (5-8) display similar values [19]. The literature also shows deposited 
samples having lower elongation values of 27%, which is in agreement with the data 
collected for the additive hexagons (1-4) [19]. 
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Figure 55: Hexagonal Structure Elongation 
 Optical Microscopy 
Four samples were cut from each hexagonal structure for optical and hardness 
testing. The samples taken were equally spaced in the vertical direction. This allows for 
materials characterization to occur along the entire length of the build. These optical 
images are shown in Appendix B. From the images, it is seen that there is a significant 
reduction in porosity for the hybrid hexagons (5-8) when compared to the additive 
hexagons (1-4). Furthermore, many of the larger pores are aligned vertically. Thus, image 
processing was conducted to determine the distance between pores. As shown in Figure 
56, the two pores analyzed are 3.526 mm apart, compared to a 3.29 mm stepover distance. 
Likewise, the vertical displacement is 2.584 mm, compared to a 1.4 mm layer height (2.8 
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mm for two layers). It is concluded from the spacing between them that this porosity is 
between overlapping beads, rather than internal to the deposited bead. Work evaluating the 
resulting microstructure using electron backscatter diffraction (EBSD) is ongoing and will 
be published later. 
 
Figure 56: Hexagon 4 Optical Analysis 
 Hardness 
The samples used for optical microscopy were also evaluated for hardness. As 






was Vickers hardness. This test is independent of the indenter size and can be used for all 
metals. The load used for these tests was 100 grams.  
 





Figure 58: Vickers Hardness Data 
 
Figure 59: Average Vickers Hardness 
 As shown in Figure 58 and Figure 59, the hardness for each hexagonal structure is 
similar and does not contain much variation. The measured values of approximately 200 
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HV is well above that of 316L stainless steel annealed bar values of 155 HV [92]. From 
the wire-feed additive manufacturing literature, these values are in agreement with other 
hardness values [59]. 
 X-Ray Computed Tomography 
X-Ray Computed Tomography was conducted on each of the builds to further 
investigate the porosity identified in the optical microscopy images. This evaluation was 
conducted on a ZEISS METROTOM 800. This system has a tube voltage of 225 kV, tube 
power of 500 W, and a resolution of 6 µm. The data were evaluated using Volume 
Graphics, and images are shown in Appendix B.  
It can be seen in Figure 60, that the additive hexagons (1-4) are significantly more 
porous than the hybrid hexagons (5-8). It is also seen that hexagon 1 is an outlier as it 
contains 3 times as many pores as the next highest hexagonal structure. It is hypothesized 
that this is due to the combination of an inconsistent standoff distance (due to incorrect 
programmed layer height) and a lower heat input. The lower heat input is from this 
hexagonal structure being deposited using a 3-bead wall-thickness strategy, while the 
others used a 4-bead strategy. This lower heat input coupled with an incorrect standoff 
distance caused a significant increase of lack-of-fusion defects, where there is no fusion 
between successive layers of beads of weld material.  
It’s hypothesized that the porosity can be directly related back to the elongation to 
failure for each hexagon.  When comparing the two data sets, the hybrid hexagons are less 
porous while having improved elongation to failure values when compared to the additive 
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hexagons.  This correlation is documented in the literature and has been seen in both 
additive and casting applications [70, 93]. 
Figure 61 displays the average pore diameter for each hexagonal structure. It is seen 
that most of the pores are between 0.5 mm and 1.5 mm in diameter. There is no significant 
difference between the additive (1-4) and the hybrid (5-8) hexagons. Though an increase 
is seen with hexagon 3, this rise is attributed to the sample evaluated being an unused 
tensile sample as no wall sections were available.  
 




Figure 61: Average Pore Diameter 
 
 
Figure 62: Defect Volume Ratio 
Figure 62 shows the defect volume ratio for each of the hexagonal structures. It is 
seen that all the hexagonal structures are less than 1% porous, but a significant decrease is 
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seen for the hybrid hexagons (5-8). It is noted that the software package used to evaluate 
the CT data is unable to identify surface pores as they are not entirely closed. Thus, the 
reported defect volume ratio often underrepresents the true value. 
It is seen from the figures shown in Appendix B that the porosity in the additive 
hexagons (1-4) is evenly distributed throughout the entire build structure while the hybrid 
hexagons (5-8) are non-uniform in distribution. It is seen that the first few layers deposited 
after machining are porous, then subsequently become non-porous. It is hypothesized that 
this porosity is due to the thermal discontinuity between the deposited layer and the 
material below it. After the first few layers, the process reaches a thermal equilibrium and 
the lack-of-fusion defects are mitigated. This reduction of porosity highlights one of the 
benefits of hybrid manufacturing and reinforces the need for adaptive processing abilities. 
Hybrid manufacturing’s ability to requalify the surface in increments allows for issues 
associated incorrect processing parameters to be mitigated. For example, if the 
programmed layer height is incorrect, the standoff distance will be incrementally changed 
with each deposited layer. It’s hypothesized that this can attribute to porosity in the 
resulting component. However, hybrid manufacturing allows the standoff distance to be 
corrected as machining creates a known datum for the additive manufacturing process. 
4.6 Discussion and Limitations 
This chapter investigates the influence that hybrid manufacturing has on the 
mechanical properties of produced components. Specifically, tensile, hardness, and 
porosity were evaluated under varying processing scenarios. During the investigation, it 
was observed that controlling distortion is critical to the hybrid manufacturing process. 
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Other outcomes that were identified but outside of the scope of this study are outlined and 
briefly discussed in this section. 
For this research investigation, the interleave interval between additive and 
subtractive manufacturing was selected to decrease overall cycle time. The flute length of 
the subtractive tooling used was 25.4 mm. Thus, that was selected as the distance to the be 
deposited before machining occurs. This is a new concept to the field of hybrid 
manufacturing with little previous work conducted. Chen et. al. developed an algorithm to 
minimize the number of printed sections by evaluating accessibility of the subtractive 
tooling [94]. Furthermore, Frank et. al. researched techniques for properly selecting the 
interleaving distance to mitigate concerns of machining thin walls or large overhangs [95]. 
The field of researching tool accessibility regions has been prosperous in the past, but little 
of this work has been applied to additive, or hybrid manufacturing [96]. Thus, this is an 
area of interest that is highlighted with this research study and should be further 
investigated. 
This research did not investigate the tool-wear due to various machining conditions. 
Though it was outside of the scope of work, it was evaluated, and tools were replaced as 
needed. Large amounts of flank-wear, or the wear taking place on the flank face of a single 
point cutting tool, was observed on the tooling used. There has been significant previous 
research conducted on linking flank wear to cutting temperature [97, 98]. With elevated 
cutting temperature, and conditions without cutting fluid investigated during this study, it 
is not surprising to see higher wear on tooling. The evaluation of cutting forces and tool 
wear due to hot machining is an ongoing research topic that will be published later. 
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The produced hexagonal structures are considered thin-walled structures. Thus, 
they are prone to chatter, a type of vibration between the cutting tool and workpiece, during 
the machining operation. Chatter only occurred during the hybrid hexagonal structure 
builds and often occurred only in the last 2 sections. This phenomenon does not affect the 
mechanical properties of the produced component but reduces the surface finish. It is 
hypothesized that chatter can be mitigated by using relief tooling for undercut machining. 
This is an ongoing research topic that will be published later. 
Analogous to compensating for distortion within the additive manufacturing 
toolpath, compensation can also occur during the machining operation. For the scenario 
where dry machining directly after deposition occurred (hexagons 4 and 5), it is 
hypothesized that the component was distorting during the machining operation. Though 
it was not investigated during this study, such compensation is a new area of research in 
the field of hybrid manufacturing that did not previously exist. 
4.7 Conclusion 
Hybrid manufacturing allows for additive and subtractive processes to be 
conducted without breaking machine setup. This chapter investigated the effect that hybrid 
manufacturing has on the mechanical properties of the resulting components. Hexagonal 
structures were produced by varying processing means such as the machining temperature 
and use of coolant. Key outcomes from this research were: 
• Manufacturing hexagonal structures using a hybrid manufacturing strategy 
reduces the overall cycle time by 68%.  
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• Hexagonal structures produced by hybrid manufacturing have improved 
elongation to failure by 22% and reduced porosity by 16% when compared to 
the additive hexagonal structures. 
• All experimental cases perform comparable to expected values from literature 
with respect to yield strength, ultimate tensile strength, and hardness. 
This study identified the need for thermal distortion modeling in hybrid 
manufacturing. As shown in this chapter, components such as the hexagonal structure were 
unable to be manufactured without compensation of the toolpath trajectories. As a result, 
this work builds the foundation needed for technology maturation toward the industrial 
adoption of hybrid manufacturing. Now that an understanding of how hybrid 
manufacturing influences the mechanical properties of components has been established, 
the ensuing chapter investigates the use of hybrid manufacturing to improve the mechanical 




 HYBRID STRUCTURES 
Hybrid manufacturing systems provide a platform for integrated additive and 
subtractive capabilities. Unlike other deposition processes where substrates are required to 
be planar, hybrid manufacturing’s subtractive capability allows for unlimited surface 
structures and conditions. This chapter investigates the use of various material and structure 
combinations to enhance the mechanical properties associated with hybrid manufactured 
components. 
5.1 Introduction 
Hybrid manufacturing now provides the ability for mechanical interfaces to be 
developed between cladded and substrate materials. These interfaces, termed hybrid 
structures, are generated using common subtractive tooling such as endmills and dovetail 
cutters. Analogous to joints in woodworking, it is hypothesized that the mechanical locking 
between the deposited material and substrate can be influenced by varying the geometrical 
interfaces. This study evaluates various hybrid structures for multiple material substrates. 
The ensuing section provides an overview of relevant literature that is the basis for this 
work. 
5.2 Literature Review 
Traditionally, welding is known as a joining process [99]. When welding is selected 
as the joining process, a filler material and a welding joint must be selected. The type of 
joint used is influenced, and often defined by, the intended application [81]. Joints are 
widely used as they enable the distribution of loads across a larger area and do not require 
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holes or increased weight for fasteners [100]. Welded joints can be classified into five basic 
categories: butt, fillet, corner, lap, and edge [101]. These joints are commonly used to join 
two components together, often in out-of-plane orientations. 
While many researchers have studied purely additively produced components, the 
purpose of this research is to understand the effects of varying the interface geometry on 
the mechanical properties on the resulting component. Thus, it is important to investigate 
the interfacial bonding. Weak interfacial adhesion can result in premature failure along the 
interface region. Most of the interest in hybrid components has been limited to 
investigation of hard-facing applications. However, multi-layer deposition is unavoidable 
in large components. In practical applications, the interfacial bonding strength and the 
mechanical properties of the multi-material component should be equivalent to or exceed 
that of the parent material [102].  
Few studies have focused on manufactured specimens in this manner. The available 
literature is limited to nickel-based deposits [5, 103, 104]. A study by Kim et al. found that 
tensile samples produced from a combination of DED deposited AISI 4140 and wrought 
AISI 4140 did not fail in the interfacial region [104]. From this study, it was concluded that 
as-deposited material has less inter-layer bond strength in the additive region than in the 
interface region. As compared to the wrought material, their as-built samples show 50% 
lower ultimate tensile strength with a 47% standard deviation, 64% reduction in yield 
strength with 32% standard deviation and almost half the maximum elongation with 65% 
standard deviation [104]. The high variance was attributed to metallurgical defects, which 
can result in largely brittle factures [105].  
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 While there has been little to no research conducted on interface joints for additive 
manufacturing, such joints have been studied for other processes. Unlike welding, 
woodworking has been around for thousands of years; thus, there has been significant 
research done with respect to woodworking joint design. A study by Rao, et. al. showed 
that the angle and length of a finger joint, as shown in Figure 63, had an effect on the 
ultimate tensile strength of the joined component [106]. This research concluded that short 
(L) , low-sloped joints (α) resulted in the highest ultimate tensile strength of the joints tested 
[106]. It is seen that adding these finger joints can increase the tensile strength by 10 times 
when compared to a simple butt joint [107]. 
 
Figure 63: Finger Joint [106] 
Joints between dissimilar metals, such as austenitic stainless steel and carbon steel 
are required in many applications in industry [108]. Two major concerns in these types of 
joints are martensite formation in the weld bead and a low-alloy heat affected zone which 
promotes cold cracking or hot cracking in fully austenitic weld material. The former is 
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controlled by normal precautions such as preheat, while the latter is mitigated by carefully 
controlling the material composition. Cyclical thermal profiles, which are seen in additive 
manufacturing, also result in high thermal stresses and carbon migration which result in 
component failure. The carbon diffuses into the austenite during welding, forming 
martensite and carbides at the weld interface. These give rise to poor elongation properties 
and high hardness values [109]. 
Physical properties that influence laser welding of dissimilar materials are thermal 
conductivity, absorptivity, density, specific heat capacity, CTE, and melting temperature 
[108]. Large differences in thermal expansion between cladded materials result in the 
formation of large residual stresses, with implications for joint strength and fatigue issues 
[108, 109]. To mitigate these issues, typically a filler metal with intermediate coefficient 
of thermal expansion (CTE) value is used to mitigate the thermal mismatch of dissimilar 
materials [108, 109]. For example, a joint between ductile cast iron and steel results in a 
single component that is easily cast yet has the toughness of steel. Welding cast iron 
typically requires preheating, but a nickel filler wire can be used to obtain austenitic weld 
metal without the need for preheating [110]. 
 Using the literature as the foundation for this research, it is seen that there is a need 
to research the effect of mechanical interfaces between added and substrate material. 
Similar to tribal knowledge in woodworking, it is hypothesized that adding a joint to the 





The methodology of this research is to manufacture components with varying 
interfaces, termed hybrid structures, and varying substrates to better understand the 
influence that the interface geometry has on the mechanical properties of the produced 
component. The experimental setup is held consistent by using 1.14 mm (0.045”) diameter 
316L stainless steel wire deposited on a rectangular substrate, as depicted in Figure 64. The 
additive parameters used are identical to the hexagonal structure experiments and are 
shown in Table 10. 
 
Figure 64: Hybrid Structure Deposition 
Two substrate materials were selected for the investigation: one being 316L 
stainless steel to understand the influence of hybrid structures on similar material, and the 
other will be gray cast iron to understand the influence on dissimilar materials. This 
 109 
material was selected as it has a lower CTE than the deposited material. The deposited 
material and substrate are sized such that they can be used to produce ASTM E8/E8M-16a 
tensile samples as shown in Figure 31 [23]. For consistency, the original interface between 
substrate and deposited material will be in the center of the tensile sample. 
 Flat Structure 
For the null scenario, a flat structure will be analyzed. Most additive manufacturing 
is conducted on a planar surface. Thus, this test case, as shown in Figure 65, is the baseline 
for the investigation.  
 
Figure 65: Flat Structure (Units in mm) 
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 Angled Structure 
One of the fracture modes in tension is shear fracture. It is also widely known from 
the Maximum Shear Stress (Tresca) Theory that maximum shear stress occurs at 45° to the 
direction of loading [99]. Thus, one hybrid structure evaluated should be a 45° angled 
structure, as shown in Figure 66. Research being conducted in parallel at Georgia Tech is 
also evaluating the influence that various angles have on mechanical properties of hybrid 
manufactured components. 
 
Figure 66: Angled Structure (Units in mm) 
 Scalloped Structure 
When evaluating structures that could be easily produced and widely accepted by 
industry, it was determined that creating a hybrid structure that required specialized tooling 
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would not be advantageous. Thus, common tooling such as ball mills were evaluated. A 
3.175 mm (1/8”) ball mill was selected as it would produce the smallest scalloped groove 
that is still larger than the laser diameter for the additive manufacturing process. It is also 
desirable for the structure feature size to be smaller than the cross-sectional area of the 
tensile sample. The depth is selected such that four layers are deposited in the groove. 
Figure 67 shows the dimensional sizing of the experimental setup. 
 
Figure 67: Scalloped Structure (Units in mm) 
 Tongue and Groove Structure 
Another commonly used tool in machine shops are square end mills. This end mill 
would create a tongue and groove structure. Like the scalloped structure, a 3.175 mm (1/8”) 
mill was selected as it would produce the smallest square groove that was still larger than 
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the laser diameter for the additive manufacturing process. For this structure, the depth is 
selected such that the volume removed from the substrate remained constant when 
compared to the scalloped structure. During the additive process, four layers were 
deposited in the grooves. Figure 68 shows the dimensional sizing of the experimental setup. 
 
Figure 68: Tongue and Groove Structure (Units in mm) 
 Dovetail Structure 
Another common tool used in CNC machining is a dovetail cutter. This cutter is 
commonly used to create grooves for better clamping of components in workholding. 
Dovetails also provide a hybrid structure with undercuts. It is hypothesized that this is the 
superior hybrid structure due to the mechanical locking that it would provide. Specifically, 
the shrinkage of the substrate material due to the thermal expansion during the deposition 
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process would mechanically lock the added material. The throat of the dovetail was kept 
consistent with the other structures, and the undercuts were sized such that they would be 
filled during the additive process. Analogous to the other structures, the depth is selected 
such that the volume of material removed from the substrate matched the other grooves. 
Due to this structure’s small size, as shown in Figure 69, wire EDM is used to create the 
structure. To ensure that the groove filled, the feedrate for the first layer was reduced by 
50% to 500 mm/min. 
 
Figure 69: Dovetail Structure (Units in mm) 
Tooling and associated machining parameters, per the manufacturer’s 
recommendations, are used to generate the samples are shown in Table 13. Due to the 
sizing of the dovetail structure, it was manufactured using wire EDM. 
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Table 13: Hybrid Structure Machining Parameters 





























For all experiments, the surface of the substrate is cleaned of contaminants with 
alcohol before the deposition process occurs. This removes any residual oil that may be 
left from the coolant used during structure preparation process. Once the samples have 
been made, they will be prepared by means of wire EDM and tensile tested per ASTM 
E8/E8M standard test methods for tension testing of metallic materials [23]. 
5.4 Results 
Using the methodology above, the samples were successfully produced in a short 
period of time. After preparing the tensile samples, it was decided to not tensile test the 
dovetail structure. Although it was hypothesized that they were sized properly, the dovetail 
groove as shown in Figure 70 was not sufficiently filled to provide accurate data. Thus, it 
was omitted from all testing procedures. 
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Figure 70: Un-Filled Dovetail Structure 
The ensuing sections discuss the results of the tensile testing, optical, and X-ray computed 
tomography testing.  
5.5 Stainless Steel Structures 
The first variation of the hybrid structure study is to evaluate the influence that 
hybrid structures have on similar materials. Thus, 316L stainless steel was deposited on 
316L stainless steel substrate for four different hybrid structures. Images of the 
manufactured components are shown in Appendix C. 
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 Mechanical Data 
From the manufactured hybrid structures, six samples were generated for 
mechanical testing. Results from the mechanical tests are shown in the ensuing figures. It 
is seen in Figure 71 that the elongation for the flat structure performed significantly better 
than all the other structures. Furthermore, it performed similarly to the hybrid hexagonal 
structures as discussed in the previous chapter. 
 
Figure 71: Elongation at Failure for Stainless Steel Structures 
 Similarly, Figure 72 shows the reported ultimate tensile strength from each of the 
tested structures. Once again, the flat structure performed the best. The reported values are 
slightly less, but comparable to what was reported from the hexagonal structure mechanical 
testing. It is hypothesized that the discrepancy is due to half of the tensile sample being 
comprised of substrate (316L Stainless Steel Annealed Bar). 
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Figure 72: Ultimate Tensile Strength for Stainless Steel Structures 
Figure 73 shows the reported yield strength of each stainless steel structure. In this 
instance, the flat and angled structures performed similarly, with the angled structure 
providing slightly better results to the angled structure. When compared to the reported 
values from the hexagonal structure tests, these values are much lower, but are similar to 
that of the wrought material with reported values of 290 MPa [19].  
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Figure 73: Yield Strength for Stainless Steel Structures 
 Optical Microscopy Data 
Samples were taken from the unused material from each generated stainless steel 
structure. These samples were evaluated using optical microscopy to further understand 
the porosity at the interface. Few conclusions can be drawn from these images regarding 
microstructure without electron backscatter diffraction (EBSD) testing. However, porosity 
can be seen at the interface of all samples with the exception of the flat structure.  
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Figure 74: Stainless Steel Flat Structure 
 
Figure 75: Stainless Steel Angled Structure 
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Figure 76: Stainless Steel Scalloped Structure 
 
Figure 77: Stainless Steel Tongue and Groove Structure 
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 X-Ray Computed Tomography Data 
To further understand the full extent of the porosity in the generated samples, X-ray 
computed tomography was done on an extra tensile sample. Due to the excessive porosity 
in some of the samples, quantitative values were unable to be determined. In instances 
where there were voids throughout the entire length of the build, the software package 
used, Volume Graphics, is unable to distinguish these as voids. Thus, the reported values 
are vastly underrepresented. The generated X-ray computed tomography figures are shown 
in Appendix C. 
5.6 Cast Iron Structures 
The second variation of the hybrid structure study is to evaluate the influence that 
hybrid structures have on dissimilar materials. Thus, 316L stainless steel was deposited on 
gray cast iron substrate for four different hybrid structures. Images of the manufactured 
components are shown in Appendix C. 
 Mechanical Data 
From the manufactured hybrid structures, six samples were generated for 
mechanical testing. As previously discussed, it is important to use the results to compare 
the structures to one another, and not to compare them against wrought cast iron or stainless 
steel. Results from the mechanical tests are shown in the ensuing figures. As seen from the 
results, the flat structure performed the best, similar to the outcome from the first variation 




Figure 78: Elongation at Failure for Cast Iron Structures 
 
Figure 79: Ultimate Tensile Strength for Cast Iron Structures 
 Optical Microscopy Data 
Samples were taken from the unused material from each generated cast iron 
structure. These samples were evaluated using optical microscopy to further understand 
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the porosity at the interface. Few conclusions can be drawn from these images regarding 
microstructure without electron backscatter diffraction (EBSD) testing. However, 
significant porosity and cracking can be seen at the interface of all samples.  
 
Figure 80: Cast Iron Flat Structure 
 




Figure 82: Cast Iron Scalloped Structure 
 
Figure 83: Cast Iron Tongue and Groove Structure 
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 X-Ray Computed Tomography Data 
To further understand the full extent of the porosity in the generated samples, X-ray 
computed tomography was done on an extra tensile sample. Due to the excessive porosity 
in some of the samples, quantitative values were unable to be determined. In instances 
where there were voids throughout the entire length of the build, the software package 
used, Volume Graphics, is unable to distinguish these as voids. Thus, the reported values 
are vastly underrepresented. The generated X-ray computed tomography figures are shown 
in Appendix C. 
5.7 Discussion and Limitations 
This chapter investigates the influence that various interface structures would have 
on the mechanical properties of components produced by hybrid manufacturing. Materials, 
geometry, and process parameters were selected such that they would mimic how the 
structures would be applied in industry. However, some issues and limitations were 
identified that provide insight and require more investigation. This section identifies and 
discusses these issues. 
Many of the produced hybrid structures contained large amount of porosity, 
especially within the geometrical structures. This issue results from the limitation of not 
being able to make in-situ corrections to the processing parameters. It’s hypothesized that 
many of the lack of fusion defects were due to insufficient heating caused by the material 
being deposited in a thin groove. Once further research is conducted on processing 
parameters resulting in non-porous components, it would be beneficial to re-evaluate the 
concept of hybrid structures. 
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It can be seen in the structure figures that cracking occurred in the samples 
deposited on the gray cast-iron substrate. This is a well-known problem due to cast-iron’s 
high carbon content [111]. Though this is a common failure and could have been mitigated 
by selecting a different substrate material, it was determined that the cracking could be 
mitigated as the entire sample was not needed for testing. It also provided insight into 
whether one structure for performed better than others. 
During the manufacturing of the hybrid structures, another hypothesis was 
developed: does the orientation of the grooves relative to the deposited material influence 
the mechanical properties due to DED being an anisotropic process? An example of this is 
shown in Figure 84. 
 
Figure 84: Transverse Hybrid Structure 
Scalloped, tongue and groove, and dovetail structures utilizing these transverse grooves 
have been manufactured and are being tested, with results to be published later. It is 
hypothesized that transverse grooves would not influence the tensile properties of the 
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sample, but rather the resulting residual stress. Thus, the samples are being evaluated for 
residual stress by using the spallation neutron source (SNS) at ORNL. 
The structure samples were designed such that their features would be captured in 
the tensile sample. If the dovetail structure was much larger than the cross-section of the 
tensile sample, it would act as though it was a flat structure when tested. Consequently, the 
dovetail structures evaluated in this study do not represent geometry that could be produced 
using commercially available tooling. Industrial dovetail cutters are much larger in 
diameter, which could have adverse impacts on the implementation. 
For this investigation, only two material combinations were evaluated. For the 
dissimilar metal scenario, gray cast-iron was selected because it has a lower CTE when 
compared to stainless steel. It is hypothesized that using a substrate with a higher CTE 
would provide better mechanical locking. 
Table 14: CTE for Various Materials [92] 
Material CTE from room temperature to 100ºC  
[10-6/ºC] 
Gray Cast Iron 9.5-12 
Stainless Steel 9.8-25 
6xxx Series Aluminum 16-24 
Unfortunately, materials with significantly higher CTE values such as aluminum, copper, 
and bronze alloys are traditionally difficult to laser weld due their high reflectivity. Thus, 
this study was constrained to two material combinations. However, ongoing work is 
developing procedures to better process these highly reflective materials. 
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5.8 Conclusion 
Hybrid manufacturing provides an integrated additive and subtractive solution for 
unlimited surface structures and conditions. This chapter shows that hybrid structures have 
an influence on the mechanical properties of components produced by hybrid 
manufacturing on similar and dissimilar material combinations. Although only 4 types of 
structures are evaluated, this provides a foundation for analogous research on other 
interfacial geometry to be conducted. Key outcomes of this investigation are: 
• Adding mechanical interfaces does not improve the mechanical properties of 
the resulting component. 
• Depositing crack-free, dissimilar metal needs further process parameter 
investigation. 
• Further work is needed to improve deposition strategies of hybrid structure 
components. 
As shown in this chapter, initial results show that the use of hybrid structures does 
not enhance the mechanical properties of the resulting components. Now that an 
understanding of how hybrid structures influence the mechanical properties of components 
has been developed, future work evaluating different deposition strategies, materials, and 




 FUTURE WORK 
This dissertation investigates various aspects of laser hot-wire hybrid 
manufacturing. As a result of these investigations, a few areas for future work have been 
highlighted. This chapter introduces areas of future work that are applicable to the entire 
field of hybrid manufacturing, regardless of feedstock type or machine manufacturer.  
6.1 Closed-Loop Process Control 
Chapter 3 investigates the process parameters needed for laser hot-wire hybrid 
manufacturing. Though it has been shown that process parameters can be developed to 
produce a component, it is labor intensive and is geometry specific. Furthermore, it has 
been shown that this is feedstock agnostic, as similar issues are seen in the blown metal 
powder hybrid manufacturing machines. Currently, most DED manufacturing is conducted 
in a laboratory setting and equipment is operated by skilled individuals with a longstanding 
background in the field. If hybrid manufacturing is to become relevant to industry, there 
must be work done to take the skill and knowledge from these skilled operators and place 
it into the machine control systems. Thus, it is proposed that these hybrid systems evaluate 
closed-loop process control.  
Closed-loop control systems use the concept of an open-loop system as its forward 
path, but has feedback loops between its output and input. These control systems are 
designed to automatically achieve and maintain desired output conditions by comparing 
them to the actual conditions. This is done by generating an error signal, which is the 
difference between the output and reference input signal. For example, consider constantly 
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monitoring the temperature of the weld-pool during deposition, and feeding a signal 
relating the temperature back to the controller as shown in Figure 85. 
 
Figure 85: Closed-Loop Control 
With closed-loop control, the processing parameters will no longer be geometry 
specific. Good starting parameters, as developed in this dissertation, can be used and 
constantly adapted throughout the process to mitigate effects from varying geometry and 
rising processing temperature. As a result, this reduces the need for expertise when 
programming the toolpath trajectory and allows the technology to be easily transferred to 
industrial applications. 
6.2 Deformation Compensation 
The concept of deformation compensation was investigated and applied in Chapter 
4. It was required to produce the hexagonal structures due to the thermal cycling of the 
produced components. To do this, simulations were conducted to predict the amplitude of 
the deformations and then compensate for them in the additive toolpath trajectories. 
Though this is a viable process, it requires significant computation time as well as a variety 
of software suites. In addition, this process is geometry and process parameter specific, 
reducing its generalizability and usefulness in an industrial setting.  
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By using digital image correlation (DIC), it is possible to evaluate geometry 
distortions in-situ to the deposition and machining processes. Thus, it is proposed that 
research investigate the use of this technology to generate toolpath trajectories during the 
process. Instead of creating the entire toolpath program a priori, paths can be generated 
layer by layer. This may not eliminate the need for distortion simulations, but it may help 
streamline the process such that it is better suited for industrial applications. 
6.3 Hybrid Manufacturing Machine Design 
This research was conducted on an inaugural laser hot-wire hybrid manufacturing 
system. Furthermore, there are not many commercial hybrid manufacturing systems in 
industrial applications around the world. Unlike traditional subtractive systems, where 
there are many machine configurations, there are only a few configurations available for 
hybrid manufacturing systems. Most commercial hybrid systems are either vertical 5-axis 
or mill-turn configurations. As previously discussed, these systems are designed such that 
they utilize existing castings and linear drives. By doing this, these machines have travel 
limitations due to the offset between additive and subtractive systems. Other options 
include putting the additive head in the spindle, but this also significantly reduces height 
of components that are manufacturable in the system. As a result, there are industrial 
applications that are unable to leverage this technology because there is not a hybrid 
manufacturing machine configuration that fits their needs. 
To mitigate these issues, it is proposed that future work be done regarding machine 
design for hybrid manufacturing. To increase the market share of hybrid manufacturing, 
machine manufacturers need to re-evaluate how these machines are designed. Instead of 
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treating hybrid manufacturing as a new machine platform, it may be more effective to have 
it as an add-on that is applicable to all existing configurations. This concept is actively 
being researched at ORNL and will be published later. 
6.4 Conclusion 
As a result of the investigations of the hypotheses presented in this dissertation, 
areas of future work in the field of hybrid manufacturing have been identified. Advanced 
process control, distortion compensation, and new machine designs are all critical to the 
development of hybrid manufacturing. The areas outlined here will enhance the entire field 
of hybrid manufacturing, regardless of feedstock type or machine manufacturer. As a 
result, these investigations have the potential to increase the industrial acceptance and 





Hybrid manufacturing is a combination of additive (deposition) and subtractive 
(machining) manufacturing in a single machine. This laser metal deposition process can be 
used for near net shape manufacturing and component repair using either similar or 
dissimilar materials. With commercially available hybrid manufacturing systems capable 
of 5-axis deposition and subtraction, it is now feasible to control the interfacial conditions 
between substrate and deposition. Other deposition processes require substrates to be 
planar, but hybrid manufacturing’s subtractive capability allows for unlimited surface 
structures and conditions. Industry implementation has already occurred in the mold and 
die repair industry, but it will quickly expand to other applications. This dissertation 
investigates three areas of hybrid manufacturing. Specifically, it has developed a process 
for laser hot-wire hybrid manufacturing, evaluated the influence of the hybrid 
manufacturing process on mechanical properties of the produced component, and 
investigated the effect that the geometry of the interface between added and substrate 
materials has on the mechanical properties of the produced component. This chapter 
provides conclusions and major outcomes for each of these researched areas. 
7.1 Hybrid Process Development 
Laser hot-wire hybrid manufacturing is a new research area. Thus, there is little to 
no previous research on process development to build upon. The original research question 
was focused on selecting singular process parameters based on the material being 
deposited. Understanding the effect of process parameters on the DED process is not a new 
concept, but this research has shown that laser hot-wire hybrid manufacturing is not exempt 
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from the concept. However, it has also proven that it can produce medium sized geometry 
up to 150mm in height by depositing steel at a rate of 2.5 kg/hr with simple control systems 
and a single set of process parameters.  
This research on process development has highlighted the need for an improved 
understanding and control of the process parameters. Specifically, it has shown that 
different toolpath planning trajectories can have a large influence on the deposition process. 
Furthermore, it has highlighted that complex geometries with varying wall thicknesses and 
overhangs require adaptive processing parameters. Thus, this research has not only set the 
foundation for laser hot-wire hybrid manufacturing process development but has 
influenced the direction of future research in the field. 
7.2 Hybrid Hexagonal Structure Process Development 
There has been significant research conducted on mechanical properties of 
additively produced components. However, there has been little work conducted on hybrid 
manufactured components. Most of the work done in the field has been on components that 
are fully produced additively before the subtractive process begins. Thus, the purpose of 
this research is to investigate the influence that the hybrid process has on the mechanical 
properties of the produced component. It was observed that, by using hybrid 
manufacturing, overall cycle times can be reduced by up to 68%, elongation to failure can 
be improved by 22%, and overall porosity is reduced by 16%. 
This research has resulted in a better understanding of the distortion of hybrid 
manufactured components. Although it was not originally included in the initial 
investigation, it was seen that components such as the hexagonal structure cannot be 
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manufactured without compensating for the geometrical distortion due to the cyclical 
thermal process. As a result, it has been shown that geometrical distortion can be modeled 
and mitigated by compensated toolpath trajectories in the additive process. Hybrid 
manufacturing is the only manufacturing process where produced components can be 
machined directly after the additive process while they are still hot. Therefore, a new 
research area in thermal compensation for hybrid has been found and should be further 
investigated. 
7.3 Hybrid Structures 
Additive manufacturing has traditionally occurred on planar interfaces. Though it 
is not limited to them, it requires multiple set-ups and equipment to work with non-planar 
surfaces. With hybrid manufacturing, it is now possible to control geometry of the interface 
between deposited and substrate material without breaking setup. Thus, this research 
investigates the influence that the interface geometry, termed hybrid structure, has on the 
mechanical properties of the produced component. It was seen that these hybrid structures 
did not improve the mechanical properties of the produced component when compared to 
the common, planar interface. 
This research has resulted in a better understanding of how hybrid structures 
influence the mechanical properties of produced geometry. The geometry produced with 
gray cast-iron substrate had significant cracking on the ends of the produced component. 
To mitigate this effect, it has been hypothesized that the orientation of the hybrid structure 
may also influence the resulting mechanical properties. As a result, research is being 
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conducted on how the orientation of the hybrid structure influences the mechanical 
properties of the produced component. 
7.4 Conclusion 
This dissertation investigates three areas of hybrid manufacturing, or the 
combination of additive and subtractive manufacturing in a single machine. Specifically, 
it has developed a process for laser hot-wire hybrid manufacturing, evaluated the influence 
of the hybrid manufacturing process on mechanical properties of the produced component, 
and investigated the effect that the geometry of the interface between added and substrate 
materials has on the mechanical properties of the produced component. As a result, this 
research has not only set the foundation for laser wire-fed hybrid manufacturing process 
development but has influenced the direction of future research in the field. Finally, the 
contributions of this research are: 
• Methodology for developing the laser hot-wire hybrid manufacturing process. 
• Improved understanding of developing toolpath trajectories for various 
geometrically complex components. 
• Methodology for alternating additive and subtractive manufacturing to produce 
geometrically accurate components. 
• Enhanced understanding of the effect that hybrid manufacturing has on the 
mechanical properties of the resulting component. 
• Improved understanding of how various geometrical interfaces between substrate 
and deposited material effect the mechanical properties of a component. 
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APPENDIX A. HYBRID HEXAGONAL STRUCTURE 
DISTORTION ANALYSIS 
 This appendix provides additional information on the distortion analysis completed 
on the hybrid hexagonal structures. As discussed in Chapter 4, hexagonal structures were 
produced using a hybrid manufacturing workflow. Distortions were seen in the final 
geometry after manufacturing was finished. These distortions were captured by a structured 
light scanner and evaluated in Volume Graphics. The ensuing sections show the results and 
briefly discuss the findings.  
 For each hybrid hexagonal structure, three figures are provided. The first figure 
shows an analysis of the scan compared to the nominal geometry. In these figures, a 
deviation is positive with respect to the surface normal. For example, a positive deviation 
on the outside of the hexagonal structure means the actual part is larger than the nominal 
geometry, while a positive deviation on the inner surface means the actual part (internal 
diameter) is smaller than the nominal geometry. The second figure shows the deviation 
distribution of each component. Here, a normal distribution is desirable, but it was 
observed that many of the distributions are uniform. It’s seen from the figures that hexagon 
6 provides the most favorable distribution. The last figure shows cumulated deviation 
distribution for each hexagonal structure. These figures plot the percentage of a surface 
with respect to an absolute distribution. For example, it can be seen in Figure 87 that only 
51% of the geometry is within 0.45 mm of the nominal surface.  
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A.1  Hexagon 5 – Machined Hot, No Coolant  
 




Figure 87: Hexagon 5 Deviation Distribution 
 
Figure 88: Hexagon 5 Cumulated Deviation Distribution 
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A.2  Hexagon 6 – Cold, With Coolant 
 




Figure 90: Hexagon 6 Deviation Distribution 
 
Figure 91: Hexagon 6 Cumulated Deviation Distribution 
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A.3  Hexagon 7 – Cold, With Coolant 
 




Figure 93: Hexagon 7 Deviation Distribution 
 
Figure 94: Hexagon 7 Cumulated Deviation Distribution 
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A.4  Hexagon 8 – Hot, With Coolant 
 




Figure 96: Hexagon 8 Deviation Distribution 
 
Figure 97: Hexagon 8 Cumulated Deviation Distribution 
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APPENDIX B. HEXAGONAL STRUCTURE MATERIAL AND 
MECHANICAL DATA 
This appendix contains the mechanical and material data used in the discussion in 
Chapter 4. Stress-strain curves, comparison of yield strength to elongation, optimal images, 
and X-ray computed tomography images are provided for each hexagonal structure. 
Discussion and conclusions drawn from the results are provided in Chapter 4.  
B.1  Hexagonal Structure Tensile Data  












Hexagon 1 352.0 5.6 385.2 7.2 
Hexagon 2 344.5 3.0 400.9 3.5 
Hexagon 3 340.2 7.4 402.9 3.2 
Hexagon 4 345.9 4.9 403.1 5.6 
Hexagon 5 341.3 4.6 353.4 6.7 
Hexagon 6 335.4 3.8 348.7 7.8 
Hexagon 7 326.5 7.7 354.5 5.5 


















Hexagon 1 538.8 38.1 593.5 33.3 
Hexagon 2 525.6 25.8 618.1 2.9 
Hexagon 3 494.7 37.2 611.4 12.9 
Hexagon 4 529.8 33.6 620.7 8.0 
Hexagon 5 566.4 13.9 598.2 8.0 
Hexagon 6 580.5 2.2 597.9 6.4 
Hexagon 7 571.0 7.9 601.8 1.4 
Hexagon 8 578.0 3.0 601.3 6.5 













Hexagon 1 21.3 9.0 30.6 12.8 
Hexagon 2 23.4 5.1 38.0 2.1 
Hexagon 3 16.0 4.4 31.8 6.7 
Hexagon 4 24.1 10.0 30.4 5.3 
Hexagon 5 35.9 8.9 46.7 2.5 
Hexagon 6 49.8 3.1 48.8 3.1 
Hexagon 7 42.9 7.8 49.5 2.3 
Hexagon 8 45.8 4.5 51.0 6.5 
Table 18: Hexagonal Structure Average Hardness 
Hexagonal 
Structure 
Average Vickers Hardness [HV] Standard Deviation 
Hexagon 1 198.9 8.5 
Hexagon 2 203.5 10.4 
Hexagon 3 204.2 9.0 
Hexagon 4 203.9 12.5 
Hexagon 5 201.4 8.9 
Hexagon 6 198.1 9.3 
Hexagon 7 200.2 12.4 
Hexagon 8 196.8 9.8 
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Figure 98: Hexagon 1 Tensile Data 
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Figure 99: Hexagon 2 Tensile Data 
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Figure 100: Hexagon 3 Tensile Data 
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Figure 101: Hexagon 4 Tensile Data 
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Figure 102: Hexagon 5 Tensile Data 
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Figure 103: Hexagon 6 Tensile Data 
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Figure 104: Hexagon 7 Tensile Data 
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Figure 105: Hexagon 8 Tensile Data 
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Figure 106: Yield Strength Versus Elongation for Hexagon 1 
  










Figure 108: Yield Strength Versus Elongation for Hexagon 3 
  









Figure 110: Yield Strength Versus Elongation for Hexagon 5 
  









Figure 112: Yield Strength Versus Elongation for Hexagon 7 
  
Figure 113: Yield Strength Versus Elongation for Hexagon 8 
B.2  Hexagonal Structure Optical Data  
 This section provides optical images for each hexagonal structure. Four samples 
evenly spaced along the build height were taken from each hexagonal structure for 
evaluation. 
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Table 19: Hexagon 1 Optical Data 












Table 20: Hexagon 2 Optical Data 


























Table 22: Hexagon 4 Optical Data 












Table 23: Hexagon 5 Optical Data 












Table 24: Hexagon 6 Optical Data 

























Table 26: Hexagon 8 Optical Data 












B.3  Hexagonal Structure X-ray Computed Tomography Data 
 This section shows figures generated from X-ray computed tomography data using 
Volume Graphics. The sections shown are oriented horizontally, with the build direction 
going from left to right.  
 
Figure 114: Hexagon 1 X-Ray Computed Tomography 
 




Figure 116: Hexagon 3 X-Ray Computed Tomography 
 
Figure 117: Hexagon 4 X-Ray Computed Tomography 
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Figure 118: Hexagon 5 X-Ray Computed Tomography 
 
Figure 119: Hexagon 6 X-Ray Computed Tomography 
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Figure 120: Hexagon 7 X-Ray Computed Tomography 
 






APPENDIX C. HYBRID STRUCTURE DATA 
This appendix contains the mechanical and material data used in the discussion in 
Chapter 5. Resulting structure images, stress-strain curves, and X-ray computed 
tomography data is provided in the ensuing section for each hybrid structure. Discussion 
and conclusions drawn from the results are provided in Chapter 5. 
C.1  Hybrid Structure Figures  
 




Figure 123: Angled Stainless Structure 
 
Figure 124: Scalloped Stainless Structure 
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Figure 125: Tongue and Groove Stainless Structure 
 
Figure 126: Dovetail Stainless Structure 
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Figure 127: Flat Cast Iron Structure 
 




Figure 129: Scalloped Cast Iron Structure Front View 
 
Figure 130: Scalloped Cast Iron Structure Side View 
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Figure 131: Tongue and Groove Cast Iron Structure Front View 
 
Figure 132: Tongue and Groove Cast Iron Structure Side View 
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C.2  Hybrid Structure Tensile Data 















Flat 298.8 3.9 174.1 8.9 
Angled 302.1 2.3 155.7 0.6 
Scalloped 295.7 1.2 57.3 61.3 
Tongue & 
Groove 
272.8 6.2 298.8 3.9 















Flat 561.0 1.4 210.0 4.6 
Angled 529.7 25.8 179.9 7.8 
Scalloped 541.8 4.4 161.4 4.7 
Tongue & 
Groove 
464.7 17.9 137.6 73.3 















Flat 42.15 2.60 0.20 0.04 
Angled 28.62 7.41 0.15 0.03 
Scalloped 29.67 7.69 0.19 0.05 
Tongue & 
Groove 
18.09 6.26 0.19 0.13 
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Figure 133: Flat Stainless Steel Structure 
 




Figure 135: Scalloped Stainless Steel Structure 
 




Figure 137: Flat Cast Iron Structure 
 
Figure 138: Angled Cast Iron Structure 
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Figure 139: Scalloped Cast Iron Structure 
 
Figure 140: Tongue and Groove Cast Iron Structure 
 
 191 
C.3  Hybrid Structure X-ray Computed Tomography Data 
 




Figure 142: Stainless Steel Angled Structure CT 
 
Figure 143: Stainless Steel Scalloped Structure CT 
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Figure 146: Cast Iron Angled Structure CT 
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Figure 147: Cast Iron Scalloped Structure CT 
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